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Preface T.No. 1488 a. 


Explosives which are capable of achieving a considerable amount of 
work after extremely short periods of time are effectively ons of the 
most powerful sources of energy at the pressat time, 

In munitions, explosives are employed for different kinds of fire- 
arms, for ammunition and blasting media, for missilea and destructive 
purposes. Under the conditions of modern warfare, a.:plogives play an 
extremely important role and are used in colossai. quantities. Explosives 
are also widely used for domestic purposes in constructional and mining 
wock; for breaking through canels,; for blasting holes and drilling wells, 
for clearing ground, atc. Explosive methods for hydraulic work are now 
suovessfully used for the solution of problems connected wito the grandiose 
construotion plans of Communigam. The-efore, concitderation of the physical 
problems of exptosion and tie pheromena acco=panying it are of great 
interest, 

In this book an attemyt is made to fill the ta .crvant gap in the 
literature concerning the physios of an explosion and tia processes 
occurring in the environment under the ection of an explcaion. 

The only detailed books on the theory of explosions at tha vresent 
day are stiii. the textbooks by K.K, SNITKO on "Teoriya varyvchatyich 
veahchestv" (Theory of. explosives) (Part I, 1934, and Part II, 1936) and 
algo by NA, SOKOLOV "Kura teorii YW" (Course on the theory of explosives). 
During ths period of more than, twenty years sinca thease booss were 
published, the study of explosions has developed rapidly due to the work 


of a number of Russian and foreign solentists. Many assumptions made in 


SNITHO's and SOXOLOV's boalrs are now out of date. A number of important 
problems which have only besn widely studisd or solvad in recent years 
are either not discussed at all in these books or are quite inadequately 
treated in thom. 

Today, the physics of an explosion, making extensive mse of tthe 
nathods of gas dynamies, theoretianl and experinental physics, physical 
chenistry, etc., is capable of deserlbing snalyticalhy o nunber of 
complicated phenomena vhoieh wers formsrly only treated qualitatively at 
the vory best. .This has led to it being converted into a quite oniacly 
and rigid soiance. embracing a wide circle of extremely important and 
complicated theoretical and applied problens. In this counection, ft 
became necessary to make a critical goneralizetion of tthe mmsrous 
investigations on the physics of an explosion which are ocoasicmally dis- 
eonnected and contradictory. 

The content and distribution of the material tin the present book 
gives fundamentally 2 contemporary prescrtatiion on tthe physies of am 
explosion, Because the book should not only daifime tie Level of present- 
day knowleage attained on a number of problems but shoald also give their 
Lurther development in perspective, ithe suthors thought it noonssery to 
explain briefly, with respect to objectives or preliminary iuvestigationa, 
some problems whinh in their opinion can became of meal value jm modern 
science and technology, Jt oun be assuned that im such «a form the prement 
book will be useful not only to scientific workers but also ‘to student- 
physicists and engineers specializing in this interesting brunch of 
selence, 


The suthors, having oonsidered ia detail the physical phenome ~ 


a 


oomurring during an explosion, do not deal at all hersin with the problens 
of atonic explosion, os they balicve that its spocific peculiarities should 
bo desc Ded im detall im a special momogrsph. Bowsver, some of the laws 
governing the propagstion of impact waves in various media ean also be 
used im the analysis of the effect of am atomic explosion. Considerable 
attemtion is paid in this bock to the applied pro-iem: of gas dynemies of 
steady flows, without uitich it is impossible to study the problens 
arising in the physics of em explosion. 

The authors would Like te drew the atitemtiom of the readers to the 
fact that this is the first attempt im producing a contemporery monograph 
on the physics of an explocion and consequently my comtein a mumber of 
errors whieh-We hope the readers will report to us. 

Chapters I, Ul, IV, ¥, VI, VII, Vict, X ware uritten by FLA, BAUM; 
Chapters XIII and XLV by K.P. STANYUROVICH; Chapters Ui, Ix and KV by 


Chepters XI end XII were written jointly hy GAT ang 

SLAMMGOVECH, § 46 by SHUKHTR, § 86 by STAMNUMOVICH and Balt, § 94 ana 

§ 87 by BAIM and SHEXHTOR and the Appendix was written by STANYUXOVICH. 
The authors wish to capress their gratitude “o MA, SADOVSKLY, 

4.8. SCMPAMEYTS amd G.I. MUROVERIY for their valvabie camments when they 

omsmined the manuscript. 


Gravter T 
General Cisractearistics oc Explosives 


§1. ‘The phenozenozn of an exolosion, 


4n explosion in the wice sensa of the word is a process of rapid 
physical and chemical trensformetion of a system into mechanical work, 
accacpanied by a charge or its potential energy. The work accomplished 
during en explosion is due to the rapid expansion of gases or vapours 
indepexdently of whether thay already exist or are formed at the time of 
the explosion. 

Tne zost essentiel sign of an explosion is the rapid jump in pressure 
in the medium surrounding the place of the explosicn, This is the direct 
reason for the wide-spread effect of an explosion. 

Explosions can be produced by various physicel or chemical phenomena. 

The following exerples cen be given of explosions due to physical 
causes: 

i. The "exglosion® of a stezm boiler or bomb containing campressed 
gas. In the first case the pherorenon 1s produced by the rapid change of 
superheated water into a vapour state and in thea second case by the 
inereese in prozsure of the gas in the bomb. In both cases the explosion 
arises as a result of overcoming the resistance of the walis of the con- 
tainer, and its destructive effect depends on the pressure of the steam or 
gas in tke container. 

2. Explosions caused by powerful spark Qiacharges, for example, 


ligntwing or the paszage of a hien voltage electric current through thia 


metallic thr:.ds, 

In tac esse of powerful discharges, the cifference in potential 
levels off in a tine interval of the order io-6 - 107? soc, thanks to 
which a colossal energy density is attained in the discharge zone and 
extremely high temperatures (of the order of tens of taousands of degrees) 
arise, which in their turn leads to a large increase in pressure of the 
air at the point of discharge and the spread of an intense disturbance 
throuzh the surrounding mediun. 

The explosions of wiras under the ection of electric energy are 
caused by the sudden change of the metal into a vapour state; the 
temperature in this cuse reaches magnitudes of the order of 20,000°. 

Explosions based on such physical phenomena have an extremely limited 
application and are chiefly the subjects of specialised selentific 
rasearches, 

We will only consider explosions produced by the processes of 
chemical teansformations of explosives. 

Explosives are comparatively unstable systems in the thermodynamioal 
sense, which under the influence of external actions are capable of 
extremely repid exothermic transformations, accompanied by the formation 
of very heated gases or vapours. 

The gaseous explosion products due to the exceptionally nigh rate of 
the chemical reaction practically occupy the volume of the explosive i*-ralf 
at the first instant end, as a rule, they are in a greatly compressed 
state, because the pressure at the place of the explosion increases sharply. 

Prom what has been said it follows that the ability of chemical 


systems to explosive * vensformations is determined by the three following 


factors: the exotharmicity of the praness, the high rete of its propa- 
gation and the presence of gaseous (vapour) raaction products... These 
properties can be exhibited in explosives to varying degrees; it in only 
their totality which gives the character of an explosion to the phenomenon. 

Let us concider the meaning of each of these facwors. 

Exothermicity of a reaction. The evolution of heat is the first 
necessary condition without, which the occurrence of an explosive process 
is generally impossible, If the reaction were not accompanied by heat 
evolution, th:a its sponta: sous development and, consequently, the self- 
propagation of the explosion would be excluded. It is evident that 
subetanecs requiring a constant supply of external energy for thet: 
cecompositic: cannot possess explosive properties. 

Ca .scount of the thermal energy of the reaotion, heating of the 
gaseous prow sa leads to temperatures of several thousand degrees and to 
their suwosequcsnt expansion, The higher the heat of reaction and the rate 
* ita pro, igation, then the greater is the destructive power of the 
explosion, 

ita heat of reaction lg 2 criterion of the efficiency of the explosive 
and is its most important churacteristio. 

Fox moder.. c«plosivea which find the widest application in practice, 
the heat of the « - %give transformation fluctuates within the limits of 
900 to 1800 kcel/cg. 

High rate of the procesg. The most characteristic feature of an 
explosion, which distinguishes it sharply from normal caomical reactions, 
ia the bigh rate ef the process. The change to the fisl explosion 
products occurs within hundred-thousandths or even miJiijonths of a second, 


The high rate of energy evolution defines the advantage of explosives 

over ordinary fuolas. Nevervnoless aa regard the total onmergy --ntent 
vreferrad to en equal cuansiy by woight, even ine most energy-rich 
explosives do not exceed normal fuel systems, but on explosion they attain 
an incomparebly higher volume concentration or energy density. 


hig cen be seon, for example, from the data given in Table l. 


Table 1, 


Tha. heats of explosion ard calorific values 
of somo explosives and fuel_rixtures. 


Heat of axplosion 
or calorifio valu 
Explosive or fuel referrad to 1 kg 
explosive or fuel 

mixture, keal 


Pyroxylin (13.968 N) 2... | 1040 
Wiveogl; sorina 2. we. 1483 — 
Nixtuve of Lonzcne and oxygen 2330 
Mixture of oasbon and oxygen 2130 


‘Mixture of hydrogen and oxygon 3230 
j 


The combustion of ordinary fuols proceeds comparatively slowly which 
leads to a congiderable expansion of the reaction procuotes during the pro- 
cess and to an essential dispersal of the energy svolved by means of heat 
conductivity and radiation. For these reasons only a relativaly low energy 
density by volume in the combustion products 1s attained in a given case. 

Explosive processes, on the other hand, proceed so quickly that it 
can be considered that all the energy is practically evolved into the 
space occupled by the explosive itself, which leads to the high energy 


concentrations which are not atteined under tie cusdiiions of the nermal 
eourse of chemical reactions, 

Particularly high enersy densities are attained during the explosion 
of ts condensed (solid or liquid) explosives which are striculy the only 
ones used in practice. This 19 explained by the fact that these explo~*ves 
possess @ significantly smaller specific volume then the gaseous fuel, 


4 


mixtures (see Table 2). ae 


Table_2. 


Volume donsity of ensrgy of some explosives and fuel mixtures 


“[ Volune density of | 
energy, referred 


Name of explosive or fuel nixture to 11. oxplosive 
or fuol mixture, 
vs Ce 


Pyroxylin (13.958 N) 6. we es 1350 
Nitroglycoring 6. ee ee ee 2380 
Hixtur:; of carbon and omygen «1. 4) 
-Mixture of benzene vapours and oxygen. . 44 
Mixture of hydrogen and oxygens... + | 1,7 


The numbers given for fuels (carbon, benzene) are calculated on the 
assumption that the combustion of these aubstances 1s completely achieved 
in the initial voluma occupied by the corresponding mixture. 

From the given data 1t is evident that the energy density by volume 
attainable during the explosion of standard explosives exceeds the energy 
density for normal fuels by a factor of hundreds or even thousands. This 
is responsible for the greater power of the explosion and the destructive 
ability. 

It must be noted that an unsatisfactory method of estimating the power 


g 


of an explosion is accepted by a number of authors as a graphic indication 
of the value of the rate of the process under explosive conditions, Fora 
quantitative estimate of the power of an explosion the following relation- 


ship is used 


pa MQr__ MQID 


sf (2.2) 
‘where B 1s the power of the explosion, M is the weight of the 
explosive charge, + is the time ‘in sec) of propagation of the 
explosion through the explosive charge, @Q is the heat of exploston in 
keal/xg, / is the mechanical equivalent of heat, OD. is the linear 
rate of propagation of the explosion and {/ is the length of the charge. 

According to this formula, for a given finite value of @ , the 
power of the explosion 4 should increase without bound as the time + 
decreases, so that as 1-+0,B>m. 

Formula (1.1) is unsatisfactory because in it the orlterion of tie 
power of the axplosion 1.e. the work capable of producing products of 
explosion in unit time, is mistakenly taken to be a magnitude proportional 
to the rate D of the propagation of the explosion through the charge, 
or the rate of evolution of energy during the exp-.osive decomposition 
reaction, 

We note thet the power referred to unit volume of explosicn products 
under the conditions of their free dischargo into space should ba pro~ 
portional to og) where p is the density of the explosion products 
and g is the rate of their discharge into space. 

The rapid come of the processes of explosive transformation can ba 


judged on the basia of data concerning the linear rate of propagation of 


aN 


the explosion through the explosive cnarge. The maximum rata OD of the 
propagation of the explosion for the modern explosives usad in practice 
fluctuatcs between the limits 2000 to 9000 m/sec. 

Gis fouretion. . The hich presstires arising during the explosion and 
the destructive effect ceused by them could not be achieved if the chemieal 
reaction wore not accompanied by the formation of a sufficiently large 
guantlty of gaseous products. These procucts, found at the moment of 
oxplosion in an extremely compressed state, are the physical agents which 
on expansion cause the extremely ranid change of the potential energy of 
the explosive into mechanical work or the kinette energy of moving gase3. 

Tre volume of gaseous exploaion products (calculated under normal 


physical conditions) of some explosives is given in Table 3, 


Table 3. 
The volume of explosion products, 


| Yolune of gaseous ex- 


plosion’ products in i. 


N f losiv 
ame of exproaive for 1 kg | for 11, 


_ explosive | explosive 
Pyroxylin (139.3N) oo... .04 763 995 
Pherlc acid. 2c ee we te ee 715 1145 
Trotyl oe eee 740 1180 
Nitroglycering 2... pe pee 690 1105 


a ts 


Thus, for 1 /., of normal explosives about 1000 1. of gaseous products 
are forned, woich are under very hifh pressure &t the moment of explosion. 
The maximum pressure during the explesion of condensed explosives 


attains hundreds of thousands atmospheres. Evidently, such pressures 


10° 


cannot bo realisod under tha conditions of flow of normal chemical 
seactions. 

During the explosion of gaseous systema an increase in volume doas 
not usualiy occur and in some cases the sxplosive transformation is even 
accompanied by e decrease in volume. 


An example of such a raaction is the explosion of detonating gas 


2H + O, - 2H,0 +2 “ 57,8 keal, 


as a result of which a decrease in volume by one third occurs. However, 
this decrssso in volume is compenyated by the exothermicity and high rate 
of the process, duo to waich the pressure during explosion does, neverthe- 
less, roach a magnitude of the order of 10 ata. 

The value of the gas formation factor can be established by a series 
of reactions during which gaseous products are not formed, The simplest 


reaction of this type 1s the well-known thermite reaction 
2A] + Fe,0, = Al,O; + 2Fe + 198 kal. 


which occura, ac a rule, without exploadon in spite of the fact that the 
thermal effect of the reaction is sufficient for the heating of the end 
products (Fa, 41203) to 3C00°, at which they are in a liquid state. Under 
the ignition conditions of large quantities of a thermite mixture 
phonomons sometimes occur which are rosiniscent in their character of a 
norm2l exmlosion, Analysig of sucn explosions leads to the conclusion that 
thoy are raialy due to secondary phonorena connected with the heating and 
expangion of the surrounding air and also the air Included in the porous 
naas of the thermite mixture, Moreover au oxtremely rapid combustion of 


the pulverized powder-forming aluminium can also partielly occur due to 


Ht 


tho oxygei in the air. In this case one of the roaction products ~- 
41303 — will be found partially in the vapour state. 

In contrast to thermite and other similar mixtures we also have a 
number of substances which possess ell the characteristic properties of 
explosives, in spite of the fact that during their decomposition they form 
products which are found in a solid state under normal conditions. 

& typical example of such substances is sliver acetylida which readily | 


explodes according to the following schems: 
Ag:C, ” sAg + 2C + 87 koal, 


It is evideat that silver showld behave as a monoatomi> gas under 
the temperature conditions of the reaction, 

Thus, on the basis of the qualitative lews established by us, it can 
be concluded thet only the simultaneous combination of the three hasis 
factors - oexothermleity, high process rate and gas formation ~ can 
guarantees that the phenomenon possesses the joint properties giving 1% the 


character of a normal explosion. 


§ 2, Classifiestion of explosive processes, 


Depending on the cenditions of initiation of the chemical reaction, 
the character of the explosive and some other factors, tho proceases of 
explosive transformation can be propagated at a varying rate and can 
possess essential qualitetive differences. 

As regerds the character and rate of tuolr propegation, all the 
explosive processes known to us are divided into the followlng basio types: 


combustion, explosion and detomavion. 


{[L 


She processes of eoriastien procced comparatively slowly and at a 
ehanceaoie vate <- Usually ronzins fzom fractions of a centinetre te 
several metres ror second. The combustion rate varies essentially with 


woo external vrossure and increases noticeably with increase of the letter. 


in tho open air this process procsstds velatively sluggishly and is 


In a coafinec space the process proceeds much more ecuergetically and 
is characterised by a mors or less rapid iacrease in pressuze and by the 


ability of tne gaseous combustion products to produce the energy needed to 
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co: powders. 
In comparison with combustion, explosion is a qualitatively different 
fora of propagation of taa process, 


“Sag ~ 


the distinguishing qualities oF aa c:mzosion are: a rapid jump in 


pressura ev tre site of explosioz end a changing rate of propagation of 
the procesg measurable in thousands of wevres per second and depending 
comparatively little on-externs] conditious. Tze action of an explosion 
is characterised by sharp impact of gases on the siurroundin7z xcediun causing 
crushing and severe deformation of objects at comparatively small dise 
tances from the place of explosion. oe 
Datonation is an explosion propagated at a constant rate which is 

me maxicun possible for the given explosive and the given conditions and 
which exceads the spsed of sound in the given substance. Detonation does 
nov difter from an explosion in the character and natura of the phenomens, 


put it reprasents its stationary form. 


Best Available Copy 
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mie dobomsidon rate uader given conditions Toe cack explosive is 


Cn wkletwiy dsteurmined by a coustant which as one of its most important 


wictises, Uacor tha detonution conditions the maxtinua destructive 


onamictomoules, 
civeet af an explosion is etteined. 

“no peocescas of explogion and detonation diffor essentially from 
tas yrocasses of combustion with respect to the uaracter of their propa- 
ation: combustion transilta. to the mass of the explosive by means of 
thera] conductivity, diffusion and radiatioa, whilst explosion and 


cotonatioa ave propagated by means of the cowpression of the substance by 


dete tote 
& caocs wove. 


wore A:teiled characteristics of the various foras of explosive 


ao 


we 


trcuugfommatioa will be givon in the followlug chapters. 


Clasrification of explosives 


Goeday aa enormcous miauber of explosives are known waich differ widely 
bota with respact to conscesition and to txeir physico-chemical and 
oxol ocive proverties, Eccauso of this, it is necessary to classify then 
gtesatioally for conveniance of investigation. 
411 explosives ean be divided into two busle groups: oxplosiva 
chetical comsourcas end explosive mixcuures 


roleaive chemioal cornourdyg aro relatively unstable chemical systens 


vaceble of rapid exotaermic transformationzs under the action of external 
inthuemees, ag a result of waich there occurs complete rupture or the 
insranolecular bonds and the subsequent recombination of the free s is 


(or ions) dato therazodynamically stable products. 


| of 


‘io unjority of explosives of this ceous cro oxygon-containing 
wile compounds capable of partial or complete intramolecular comdugtion. 
here aru, however, quite 2 nucber of explosive endothermic compounds 


a 


not contsinins oxycen which uncer explosion conditions decompose into 
iv basic olements. 4n example of this tyve of compound is lead azice 
waich dccorpocses on explosion into free nitrogen and lead with an 


evolution of onergy cquci to tne heat of forsation of this azide from the 


Such compounds, as a mule, possess quite an unstable moleculer 
structere and high sensitivity to extsrnal actions, which greatly limits 
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is en excmgie of cuch particularly ucstacle comnscurcs we can quote 
he haiogen and cuipnur compounds of nitrogen, such as: NCi3, NHIo, 
KaSa, wich readily explode cs a resuit of negligible machenical influences. 
Tho instability of explosive compounds, according to VAN'T EOF, is 
Guz to thcir comtaining molecules possessizg special so-called exploso- 
photic aton groupings waich incluce: 
C=C sxoun, present in acstyicre derivatives, 
N= 2 group, in helogen compounds of nitrogen, 


N= N grous, in azides, diazo compounds, tetrazoles, 


N= C group, in salts of fuiminte acic or fulninates, 


—_ 
<_< 
ft 


G groep, in nitrates anc aitro compounds, 

O - 0 group, in peroxides and ozonides, 

0 = Cl group, in chlorates and perchlorates. 
Explosive mixtures are systems containing at least two components 


unconnccted with one another chemically. Usually one of the components of 


the riiturc 25 a substanca unich is relatively oxygen-rich, and the second 
GOnpouST) fj . whey haad, is a combustible substance which etther 
comtal . 20 ONyiem wievooever ot contaiag it in a quantity insufficient 


we ae 


for complete intyvanolectiar oxldzvion. 


“xplosive mixtures are eitaer prstous, Miswid, solid or heterozeneoug 
gyemous 
bee 

Gascous mixtures have no practical application in explosive tech- 


nology due to the low energy density obtained during their explosion. 
Caseous mixtures are, however, of great scientific interest. Their 
investization has led to vital results in the study of the propagation 
Dsocesses of aa explosion and aiso in the mechanisn ard kinetics of 
explosive reactioas. 

Gaceoug nixtuses which are dangerous as regards explosions are 
frequeatly encountered under different practical conditions. Tus, in 
cOalmrixves Plreedamo waick is a mixture of methane and air is often formed. 

The consustible components of liculd explosives are usually substances 
weicn Sura vita — large tiercal effect, such as benzene, toluene, nono- 
MAvro conpowuics. As oxicizers Duouiag nitric acid and tetranitronethare 
arc Yrccecntly usec, 

Sicr Liquid misctures are quite powerful explosives but in practice 
wacy asc varcly used because of their hich sensitivity and unsuitability 
fox apoiiestion, 


clic e:cplosive mixtures are very mumerous and find a wide application 


ca 


both in tic civil and niuitary spheres. Depending on the chemical nature 
oz the oxidizing agent in their composition, these mixtures can be divided 


2n%5 appropriate. sub-grouss the most important of which are the anmonium- 


/6 Bast Availahtia Ran. 


ritrate oxmlosives or ammonites. The basic component of these substunces 
ig ascoriua nitrate NH4NOg tho content of which varias from /0 to 95% in 
the differant compositions. As combustible component, use is made of the 
various uitro-arozatic explosive compounds (Trotyl, dinitrobenzene, etc.) 
waich contain insufficient oxygen to form the products of complete 
combustion, 

Za tho sinplest ammonites the combustible components are such 
substancas ss coal, saudust and various resins. Examples of ammonites are 
asphaltite (954 NH4NO3, 5% asphalt) and Amatol (80% NH4NO3, 20% Trotyl). 
énsomttos are usw extensively Sor civillen appidcatioss sad ame ecnventont 
substitecss for basie e.clssavos 22 war-ti.2, 

Dycauktes, saokelless powlers and explosive alloys ocaupy the chic. 
place amoaz explosive systems. The basic explosive component of dynamites 
is nitroglycerine, To the dynamite group belong: 

a) nitvogelatin of composition; 93% nitroglycerine and 7% 
colle:ylia; 

b) gelotin-dynamitea; 62.63% nitroglycerine, 27-25% potassium 
nitrate, 2~3% colloxylin and 8% absorber; 

c) powlor-corming dynamites or grisoutine compositions: 2%30% 
nitrozlycorize, 6.8-1.0% collodion cotton, 69.5 = 68.5% ammonium nitrate, 
up to 0.8% soda or chalk, 

™,e stoxeless powders aro systems which have cellulose nitrates aa 
tae basie explosive component, Some types of smokeless powders contain, 
mnoxgove>, nitroglycerine or other explosives as well. 

Explosive substances and explosive syatema can be divided into four 
groups with respect to the basio fields of their application: 
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1) initiating explosives, 

2} high explosives, 

3) missile explosives or powders, 

4) pyrotechnical compositions. 

Tnitiating explosives. These are employed as initiators of explosiva 
processes to stimulate detonation of the basio explosives, for exanple, to 
stimlate detonation in shells, mines, aerial bombs, blasting media, etc, 

the distinguishing properties of initiating explosives are: 

a) the ability to explode in the form of detonation under the 
influence of insignificant external thermal or mechanical actions; 

b)} their explosive transformation is characterizad by the fact that 
the poriod of increase in its rate up to a maxim is very amali, 
incomparably less than in explosives of other types. In some initiating 
substances as, for example, in lead azide, the period of acceleration of 
the process is practically absent, i.e. the process imnediately changes “ 
into the detonating form independently of the dimensiona of the charge. 

Thanks to this it requires only an extremely small charge of initiator 
to stimulate explosion of high explosives. 

Iniviating explosives are used pre-eminently in the form of capsule- 
cotonatovs (c-d). Some initiating explosives are used in compositions 
éestined for equipping capsule-igniters (c-1). 

Tha most important representatives of this group of explosives .u;:° 

as The salts of heavy metals of fulminic acid or the so-called 
fulmtnates, Of these mercury fulminate Hg(ONC)> ie the most important. 

2. Salts of hydrazolc acid or azides, The most widely used ia lead 


azide, PoNg. 
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Tao initiating explosives algo include some organic azidea, for 
exnuple, cyanurictriazide, C314(N3)3. 

3. Salts of heav~ metals of styphnic acid. Their most important 
representatives are lead styphnate or trinitrorasorcinate 
Cge (X9q)5 bg Po. Hg0. 

4, Caroides of heavy metals or acetylides, for example, silver 
acotylide AgoCo. | 

5. Initiating mixtures employed as detonating or igniting compo 
sitioan (the latter oonsist mainly of meroury fulminate, potassium 
chlorate and antimony triasulphide) are used in cei and ced, 

fhe initiating explosives of praotical interest also include tetra- 
zena CoHg0Nzq, whtoh 1s a derivative of an unsaturated nitrogen—hydrogen 
compound N44, and some nitro-aromatio diazo-ocompounds, for example, 
diazodinitrophenol. 

Bocause of their ability to detonate directly under the influence of 
extersal actions, initiating explosives are sometimes called primary 
explosives, 

Hien explosives are employed as explosive charges for various munition 
and blasting ourposes. In contrast to initiating explosives, they possess 
considerably greater stability. Their detonation is produced under the 
iafliuence of relatively large external actions, usually with the help of 
initiating explosives. Because of this, in contrast to the initiating 
explosives, i are sometimes called secondary explosives. ‘Their basio 
fora of exp bstye transformation is also detonation, but during tha 
nsastiog of an explosion the period of rate incraase of the process up 


to a marimisn is considerably longer for high explosives than for initiating 
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explosives. 

The most important representatives of explosive compounds of this 
gro are: 

1, Nitrates or esters of nitria acid. The most important of them 
aro nitroglycerine (giyoeryltrinitrate) C3Hs(ON02)3, PEIN (pentaerythritol 
tetranitrate) C(CH20N0g)4, cellulose nitrates e.g. C2qH2909(0N0g),,. 

2. Nitwo-compounds, Of the huge number of these compounds, the most 
widely uscd are uitro-compounds of the aromatic series, mainly trinitro- 
derivatives. Among them are: 

Trotyl (trinitrotoluene ) Cele (N02) CH, 

pleric acid (trinitrophenol) Cg (NO2) 0H, 


CH 
Tetryl (trinitrophenylmethylnitramine) CgH (N02) N ¢ 3 


NOo 
Of the non-aromatic nitro-compownds, note must be made of: 


Hexogen (trimethylenetrinitramine) C4H¢0¢Ng, 
NHg . 
nitroguanidine HN = ¢ ¢ 
NHNOQ 

tetranitromethane C(N0o)q. . - 

The most important representatives of the explosive mixtures belonging 
to this group are ammonites, dynanitea and also some alloys, for example 
the alloys of Trotyl with Hexogen, eto. 

Missile explosives or powders. 

Powdera are mainly used for missile purposes. Their basie fora of 
explosive transformation is rapid oombustion, 

They are divided into two groups: 

a) powders of mechanical mixtures and 
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b) powders of nitrocellulose or smokeless powders. 

An example of the first sub-group ia smoky powder, consisting of 75% 
potassium nitrate, 15% wood charooal and 10% sulphur. 

Nitrocellulose powders, depending on the nature of the solvent, can 
be used fox gelatinisation of their baslo component, nitrocellulose, and 
are divided into several groups: _ 

a) powders in a volatile solvent or pyroxylin powders containing up 
to 98% of -pyroxylin, hydroxy-ether solvent, diphenylamine and moisture; 

b) powders in a low-volatility solvent or ballistites, in which 
nitroglycerine, nitrodiglycol and such like substances serve as solvent of 
pyroxylin, Ballistites are prepared from the so-called soluble pyroxylin 
and contain up to 402 nitroglycerine, in which this form of pyroxylin is 
dissolved, and up to 15% of other additives. 

c) Powders in a mixed solvent or cordites are prepared from the so- 
called insoluble pyroxylin; they contain up to 60% nitroglycerine and as 
an additional solvent up to 1.5% acetone and some other additives. 

4) Powders in a non-volatile solvent, in which such explosives as 
Trotyl, dinitrotoluene eto, are used to prevent pyroxylin gelatinising. 

4e regards the categories of explosives, reference should also be 
made to pyrotechnio compogitiong, which under known conditions are capable 
of detonation and possess a comparatively high sensitivity to external 
actions. Pyrotechnio compositions, as 4 rule, are mechanical mixtures of 
inorganic oxidizers with organio and metallio fuels and cementing additives. 
The basic form of the explosive transformation of these mixtures is 


combustion. 


Chapter IT 


SENSITIVITY OF EXPLOSIVES TO EXTERNAL INFLUENCES 


§ 4, Initial or initiating impulse. 


| Explosives, depending on the composition, possess greater or smaller 
ability to withstand external influences without undergoing explosion 
i.e. spontaneously developing chemical transformation, 

The staller the influence necessary to stimulate explosive trana- 
formation in a substance, then the greater is its sensitivity. 

A characteristic oorresponding to this seneitivity of explosives 
to external influences is the magnitude of the initial or initiating 
impulse which ig required to exolte explosion in them wider civen 
conditiona. 

Various forms of energy can be used as the initial impulse: 
mechanical, thermal and electrical energy, the energy of radiation and 
also the energy of another initiating explosive. 

The quantity of energy necessary to stimulate explosion even for one 
and the same explosive in a given state 1s not a strictly constant 
magnitude and can fluctuate appreciably depending on the form of the 
initial impulse and the character of the transmission of the influence to 
the explosive, 

Thus, for example, under the conditions of rapid heating of the 
explosive achieved at high tenperatures, initiation of the explosion can 


be attained at considerably less expenditure of energy than under tne 
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conditions of slow heating achleved at lower temperatures. 

During the slow compression of some explosives possessing relatively 
low sensitivity, an explosion cannot be produced even in the case when 
the quantity of work done during the compression 1s large and extremely 
high pressures are attained, whilet under conditions of sudden shock the 
initiation of an explosion in corresponding explosives oan be produced for 
considerably less expenditure of energy. According to BRIDGMAN's data, 
Trotyl under conditions of atatio compression does not oxplode even at 
pressures of the order of 50,000 atm, or highor. 

Moreover, the form and magnitude of the initial impulse affects 
essentially the char-cter and development of the explosive processes. 
Thus, for example, under the action of a heat pulse combustion of an 
explosive is obtained under certain conditions only, whilst under the 
influence of an impaot and particularly that of the explosion of an 
initiating explosive its detonation is pre-sminently attained, 

In order to produce initiation of an explosion, 1t is primarily 
necessary that the initial impulse be applied to the explosive charge 
under conditions under which sufficiently high concentrations of energy 
will be attained even if only in a localised zone of the systen. 
Partioularly high concentrations of energy naturally arise during the 
stinulation of an explosion by maans of initiating explosives, which have 
been extremely widely used in explosives tachnolegy becattse they possess. 
this property. 

There is no rigid equivalence between the various forms of initial 
impulse with respect to the results of their action on one and the same 
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explosive. Thus, for sxample, lead azide is more sensitive to machanical 
influences than to a thermal impulse, whilst the picture is the reverse 
for lead styphnate. 

A oblorine—hydrogen mixture (Cl2 + Ho) is passive to a heat pulse, 
but easily explodes under the aotion of light rays, which exoite an 
intensive photoeohemical ohain reaction in the gas. 

The selectivity of explosives towirds their response to an external 
impulse ia determined by the combined manifestation of those of their 
ohemioal and physical properties which can influence easentially the 
conditions of consumption of energy by the substances and the stimuatior 
in them of a chemioal reaction by some initiating impulaso, 


A measure of the sensitivity of an explosive to a heat pulse is 
usually given by the explosion temperature established for quite definite 
experimental conditiona. 

The explosion temperatura is the temperature to whioh a given quantity 
of explosive showld be heated to obtein its ignition, during which the 
chemical transformation of the substance:is accompanied by a greater ox 
lesser sound effect. 

To seoure explosion it is necessary to inorease the haat supply 
specified by thea oourse of the chemical reaotion so that 1t exceeds the 
heat losses dus to conductivity and radiation of heat, 

Explosion occurs at the moment when the rate of the process reaches 
some oritical values corresponding to explosive conditions. 
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Thus, on heating an explosive the explosion temperature is always 
preceded by a period of acceleration of tha chemical reaction. The 
interval of time between the commencement of heating and the moment of 
explosion of the explosive is called the induction period or the ignition 
time lag. 

For explosive subatanoes the conneotion between the ignition time 
lag and the explosion temperature is expressed by the law which was first 
obtained by N.N, SEMENOV: 


rd 
Pd 


Eg 
a= Cel?, (5. 


where «* ia the ignition time lag in sec, EL is the activation energy 
of the explosive appropriate for an explosive reaction in cal/mole, & is 
the gas constant equal to 1.986 sal/mol deg.; C 4s a constant dependent 
om the composition of the explosive; 7 
is the explosion or ignition temperature 


ur in degrees Kelvin. 

From this expression it 16 evident 
that on decrease of the activation 
energy E and on inorease of the ig- 

— nition temperature 7 , the ignition 
time lag + decreases rapidly. The 
Fig.l, Variation of variation (5,1) can be conveniently 
ignition time lag with 
temperature. presented in the logarithmia form 
Int=InC-+25. 
o 
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From thig expression it follows that between Int. and + there exists 
a linear dependency (Fig, 1), which has been confirmed experimentally for 
the majority of the explosives investigated. 

The slape of the straight line on this graph equals + . Thus, on 
the basis of experimental data concerning explosion temperatures it is 
p osaible to determine + which is an important charauteristic for 
explosives. 
magnitude, but varies essentially with the experimental conditions: the 
quantity of tested explosive, its degree of pulverisation, the methods of 
testing and other factora determining the conditions of heat aupply and 
auto-acceleration of the reaction, Because of this, in order to obtain 
comparable results the teate must be carried out under strictly defined, 
standard conditions. 

In determining explosion temperatures of condensed explosives, the 
following two methods ara most widely used: 

1) A given quantity of explosive at a certain initial temperature 
ia heated at constant rate. In this way the temperature ia determined at 
whioah ignition ocours. The explosion temperature thus obtained depands 
mainly on the initial temperature of the explosive and becomes higher aa 
the rate of heating increases. This method is in wide-spread use for 
practioal testa on explosives. 

2) The second method consists of establishing the relationship 
between the change in ignition time lag and the temperature; experimental 
results are usually expressed in the form of a graph (Mg. 2). This 


method which permits the response of an explosive to a heat pulse to be 
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characterized more precisely and com- 
pletely is used pre-eninently in research 
and much more raraly for routine tests on | : 
explosives. 
For every explosive, under corres= 
ponding experimental conditions, there Tig 
exists a temperature below which ignition 


generally does not occur however long the Fig, 2. Variation of 
ignition delay with 

explosive is heated, This is explained as temperature. 

follows. 


The process of thermal decomposition of an explosive can be divided 
into three periods: the induotion period connected with the formation of 
the initial centres of reaction, the period of auto-=scasleration of the 
reaction and the period of its extinguishment, 

At suffiodently high heating temperatures the induction period 1s 
small; as a result of auto-acoeleration of the reaction ita rate can 
attain a oritical value v,, , corresponding to the commencement of 
ignition in the presence of a sufficient quantity of aa yet undecomposed 
material, 

If, however, the heating temperature of the explosive is below a 
certain limit and the reaction rate increases too slowly as a result, then 
the initial explosive is depleted sooner than the critical value of the 
reaction rate vu, ia attained. In this case because of the unfavour~ 
able relationship between the external heat supply and the heat losses, 
auto-aaceleration of the reaction can indeed not oocur. From this it oan 


be concluded that the explosion temperature up to a mow limit should 
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depend on the quantity of explosive undergoing heating, that is, it 
should decrease sotiewhat on increase in the quantity of explosive. 
According to PATRY's investigations for 1g. mercury fuluinate the 
explosion temperature equals 126°; for 10 g. it 1a 115°C; the ignitdon 
time lag exceeded 7 hours. 
The minimum explosion temperatures for some explosives are given in 


Table 4 (waight of explosive = 0,05 g.). 


Table 4, 
Explosion temperatures of some explosives 


Ixploaion Ignition 

Nane of explosive tempersture,| tine lag, 
10 7.900 
Trinitrotoluess;. ... 0. : 275 423 
Trinitrophenol tae 275 143 
Trindtroxyhone 2 ww tt 300 240 
Trinitroresoreinol, , 2... 2 245 31 
Trinitrophloroglucing .. 1... 200 18 
Yrdnitrophenylnitranine - ‘ 87 85 
etryl, 2 we . 180 40 
trinitrophenolethyloitranine 160 25 


The minimm explosion temperatures of explosives are of interest 
mainly from the point of view of problena connected with safety techniques. 
At the sane time, however, it must be remembered that on increasing the 
mass of the heated explosive the minimum explosion temperature can be 
considerably lower than in laboratory experiments due to the changed 
conditions of heat supply. 

Of the phyaical properties of explosives the most essential quantity 


for processes of thermal initiation 4s their. yolatility. 
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The conditiona of ignition and the explosion temperature depend to a 
large extent on the ratio of the rate of the chemical reaction to the rate 
of the vaporization (sublimation) of the explosive. The value of this 
factor for explosive processes was first established by BELYAEV, 

If the quantity of explosive is small and it possesses high volatility, 
then the substanoe can be completely consumed in the heating process. hy : 
means of sublimation or vaporization sooner than the necessary conditions 
for the vigorous auto-acoeleration of the reasotion are attained. 

Thus, for trinitroaniline and trinitrophenylenediamine each taken in 
a quantity of 0-05 g, it was not possible to deteot ignition even at 
veiperatures oxocading éo°o. Gs. diac. losing tae Gaauwaty SO ofS UC, 
4gnition was attained under the following conditions: for trinitroaniline 
at + = 28 seo, ¢ = 500°C; for trinitrophenylenediamine at + = 11e2 
sec, # = 520°C. 

On decreasing the temperature below 500°C for trinitrophenylene- 
diamine, ignition could not be attained because of the decrease in the 
reaction rate and the vulue prevailing for the volatility faotor at these 
temperatures. 

It is evident that at higher pressures the volatility of the 
explosive will decrease noticeably and at suffiatently high pressures will 
be almost completely eliminated. 

In some cases during the practical application of explosives, the 
initiation of the explosion ia achieved by extremely brief heat pulses 
(for example, during the tranamission of an explosion from a capaule- 
igniter to a capatle-detonator), during whiab the igaition time lag does 


not exceed thousandths or even ten-thousandths of a second, 
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The conditions of ignition and the explosion tempsrature depend to a 
large extent on the ratio o” se rate of the chemical reaction to the rate 
of the vaporization (sublimation) of the explosive, The value of this 
faotor for explosive processes was first established by BELYAEV, 

If the quantity of explosive is small and it possesses high volatility, 
then the subatance can be completely constmed in the heating process by 
means of sublimation or vaporization sooner than the neceassry conditions 
for the vigorous auto-acceleration of the rerzction are attained, 

Thus, for trinitroaniline and trinitrophenylenediamine each taken in 
a quantity of 0-05 g, it was not possible to deteot icuition evon at 
temperatures exceeding 600°C. On inoreasing the cuentity to O°. ¢, 
ignition was attained under the following conditions: for trinitroaniline 
at + =2eS seco, ¢t = 500°C; for trindtrophenylenediamine at +t = 12102 
seo, *& = 520°C, 

"On deoreasing the temperature below 500°C for trindtrophenylene- 
diamine, ignition could not be attained because of the decrease in the 
. reaction rate and the value prevailing for the volatility factor at these 
temperatures. 

It is evident that at higher pressures the volatility of the 
exploaive will decrease noticeably and at sufficiently high pressures will 
be almost completely eliminated. 

In some cases during the practioal application of explosives, the 
initiation of the explosion is achieved by extremely brief heat pulses 
(for. example, during the tranamission of an explosion from 4 capsule- 
igniter to a capsule-detonator), during which the ignition time lag does 


not exceed thousandths or even ten~thougandths of a second. 
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570°C which 1s of the same order of megnitude as the temperature given 
above for this explosive, 

Nevertheless it must be noted that, gonerelly speaking, extreme cere 
must be taken in using such methods'of extrapolation for the following 
reasons: 

&) the possibility cannot be excluded that a change can ocour in the 
very character of the chemical decomposition of the explosive on transfer 
from lower temperatures to higher temperatures; 

b) under standard conditions of testing explosives for sensitivity 
to a heat surge we identify the ignition temperature of the exclosive with 
the temperature of its heat source which Jor very small ignition delays 
( «< 104 sec) cannot be coneidered 
correct (the actual temperature to which 
the explosive is heated will, of course, 
be noticeably lower). 

To determine the explosion temper~ 
atures of explosives, devices of various - 
construction are employed. Most frequently, 
tests are carried out with the apparatus 
presented sohematically in Mg.3. 

It consists of a metallic oylindrical 


bath, a, filled with Wood's alloy, Heating 


is achieved by means of an electric coum 


Fig, 3. Apparatue for rent with the help of a nichrome coil. The 
determining explosion 
temperature, temperature of the bath 1s regulated by 


means of sheostats. To deorease heat 
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transfer end for convenience of working, the bath is surrounded by a brass 
jacket, b, leaving an ei~ clearance between tha bath and the jacket. 

The top of the bath is covered by an iron lid, c, with orifices; 
through the central orifice passes a thermometer embedded in the alloy and 
protected from the effects of the explosion by a metal case; the other 
orifices are used for the passage into the bath of special cartridge cases 
containing explosive, d. The charge is normally 0.05 g. 

The determinations are carried out according to one of the following 
methods, 

1, <A cartridge charged with explosive and plugged with a stopper, 
is introduced into the bath previously heated to 100°. Immediately after 
the insertion of the cartridge the bath temperature is increased uniformly 
at the rate of 20° per minute and the temperature 1s noted at which 
ignition occurs. 

2, The bath 1s heated to 4 definite temperature close to the 
expected explosion temperature; the charged cartridge is embedded in the 
alloy to a determined depth and the time elapsing until ignition occurs 
is recorded. By means of a series of experiments it is possible to 
establish within an accuracy of 5° the least temperature below which 
,igaition does not occur when the test 1s continued for a derinite period 
of time (5 min. or 5 gec). 

‘This temperature is also taken to be nominally the explosion 
temperature of the explosive. 

3. In some cases the test on the explosive is carried cut in sealed 
gi.ass ampoules which makes it possible to change the explosive during the 
period of test. A special glass apparatus (illustrated in Fig. 4) was 
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proposed by KOSTEVITCH for this purpose, 
Explosion temperature data for the 
most importent explosives are given in 
Table 5 (delay timo 5 min). 
fo determine the explosion temper- 
atures of explosives for very anal. 
ignition delays, BOWDEN and YOF"E employed 


the method of rapid adiabatio compression 


of air over the explosive. In this case 
the minimum degree of compression of the ~ 


gas was determined at which explosion Fig,4. KOSTEVITCH's apparatus 
for explosion temperature 
oocurred for a given quantity of explosive. determination; 
ty, to - thermonetors, 


From the results of these experi- a - bath,” 
b = ampoule loaded with 
ments the corresponding temperatures were explosive, 


calculated using the well-known relation- 
ahip 
=1 
T, = 7 oO (z2)' ‘ 


where v, is the initial volume of gas, o, is the final volume of 


Zable 5 
The explosion temverature of some explosives 
xploaion ; Explasion 1 
Nano of explosive tonperatura, Name of explosive temperature, 
(7 


Moreury fulminata. .. 175—~180 


Lead.azide» ..... 

Silver azide... ., O | ‘FRIN. 2... 

Lead atyphnate. ., .] 270-280 ff tylyls. 2... ee ae 
yroxyiin sw ee Anatol «6 6. pe 
itroglyoerine .. . ‘Smokeleaa gunpowder, . 


Trotyl 2. 1 et Smoky gunpowder , , ,/ 290-—310 


295—310 
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gos undsr the conditions of its compression, 7 is the adiabatic index, 
7. end 7, are the initial and final temperature2 in °K, The deta 


ovtainséd avo sivea in Table 6, 
fabio 6, 


Sonivion | Explosion 
Explosive deiay, jtamperasure, 
nicrosec | * 


Nitroglyoarina , , . . 150 450—480 
PETN 2 we ee - 460—500 
Lead ezide . 2... 10 570—600 
fetrazene. .. 1... 5 400—450) 


§ 6. Impaot sensitivity of explosives, 


Tests on the impact sensitivity of explosives. are carried out by 
means of drop-hammer machines. - 

The basis of the test 1s to determing the energy of the impact 
necessary to obtain either exploa- 
ioas alone or failures alone or a 
definite proportion of the two. 

In testing initiating explosives 
possessing particularly high impact 
sensitivity, an aro drop-hammer 
machine is usually used (Fig. 5). 


It consists of an iren buse, a, 


with a steel anvil, a graduated 
measuring arc, b and a load, p, 


Fig.5. Are drop-hammer 
machine, attached to the end of the rotating 
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arm, c. The load is maintained at a certain height by a hinged supporting 
arm, d, which cen travel along the are and is cttached to it by a clamp, 
On the anvil there is a guide block, e, for a steel striking pin, k, with 
a flat. 

A definite quantity of explosive (usually 0.02 g) 1s conpressed under 
pressure (500 or 1000 ke/em*) into the brass cap of a capsule of a pistol 
cartridge and covered with foil (Fig. 6). The capsule is installed by 
nyans of a special centreing bracket at the centre of the anvil under the 
flat of the striking pin. 

The sensitivity of the initiating explosives to impact ia taken to be 
characterised by the upper and lover limits of sensitivity 1.6. the 
minimum drop height H of ths load 
at which 100% explosions are 
obtained for a definite number of 
tests (usually not less than ton) 
and the maximum drop height of the 


load at which 100% failures are od- 
tained for the same number of testa. Fig, 6 Capsule. 

The upper limit of sensitivity Mio defines the condition of "now 
failure" of the capsule and the lower limit AH, ‘the condition for 
handling it without danger. 

Whilst testing initiating substances or preduots from ther, the 
upper and lower limits are sometimes supplemented by the construction of 
a complete ourve of sensitivity, the general charr-ter of which ia shown 
in Fig. 7. 

In testing the less sensitive high explosives a vertical impact 
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machine is usually used (Fig. 8). It 
‘consists of two vertical and strictly 
parallel guides, a, between waich a 

load, b, can move freely. The weight 


4 Losi 
gota emlesions _ of the load is chosen according to the 


sensitivity of the explosives heing 
investigated. The load is fitted with 
My Ney 4.0m a smell head, o, which is fixed between 
the grips of a release clamp, d, The 
latter slides elong a special guide 


Fig, 7. Curve of Impact and together with the load can be 
sensitivity of initiating , 
explosives. fixed at any required height. Below, 


on the fixed base, there 1s a masaive steel anvil, e, on which are placed 
the devices containing the explosive to be investigated. 

Today, plunger devices are widely used (Fig. 9). The plunger 
device consists of an anvil and face, for which standard steel roller 
bearings are used ( d =10 mm, 4 = 10 mn), guide sleeve and a base. 
In working with this device the quantity of explosive used is 0.05 g. 

To obtain the required results on impact sensitivity in testing 
explosives it is necessary, above al., to maintain identical experimental 
conditions. Special attention should.be given to the quality of the 
plunger devices; the clearances between the face, the anvil and the 
sleeve should be completely determined. 

The drop height. of the load in tests should not exceed the limit at 


which residual deformation arises in the elements of the system; other~ 
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Fig. 8 Vertical drop- 
hammer machine, 


wise the oxperimental conditions become 
indeterminate, 

The sensitivity of high explosives 
to imnact is most frequently characterised 
by one of the following methods: 

1, The dotersination of the percentage 
of explosions obtained on dropping the 
weight from a definite height. The standard 
tes‘ conditions are: the weight of the 
lead P = 10 kg and its drop height H @ 
25 am (or P =2kg and H = 50 on), 
The results oF the determinations for some 
explosives ars given in Table 7, 

2. The determination of the critical 
eacrgy of impact (Ks =PH) , corres= 
ponding to 50% probability of explosion, 

Many investigators (SOKOLOV, 

URBANSKIY, WOLLER, TAYLOR, oto.) adhere 
to the opinion that in estimating the 
impact senaitivity of an explosive it is 


necessary to subtract from the total impact 


CT -J 


Fip, 9. Plunger device 
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energy that part which is consumed by the rebound of the load and in this 


Table 7. 


Inpact . -asitivity of high explosives 
The tests were carried out with samples of high-purity explosives ( P = 


10 kg, 4 = 26cm). 


Nuaber of . Xuaber of” 
Nome of explosive | explosions | Naae of explosive explosiona 
‘in 100 tests in 100 tests 


aoe ee Styphnio aold...,. 64 
Trinitrophenol . . . . 18 Haxogen .....,- 75—80 
Trinitroxylyf.....|. 22 PEIN. 2. ee 100 
Trinitrooresol . .. . 34 Auatol 60/20 16—18 


connection recommend as a characteristic of the sensitivity of an 


explosive the magnitude 


Ky = P (H — Ho) = PH (1 —a), (6.1) 


where H, is the rebound height of the lond and a= A, 


Rebound of the load occurs due to the elasticity of the material of 
the weight, the plunger devices, the anvil, etc. 

In dotermining the impact sensitivity of aa explosive it is not 
possible to guarentee the strict maintenenoe of idéntical experimental 


conditions, since in repeated tests explosions and failures are distributed 


= 80/20 signifies that the composition of amatol is 80% ammonium nitrate 
and 20% trotyl, 
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statistically according to the law of errors. The experimental errors 
decrease avpreciably with increase in the number of ir. -cts, 

Research has shown that if a sufficiently large naxbor of tests is 
carried out at each height, then the sensitivity curve constructed 
directly on the basis of experimental data coincides almost completely 
with the distribution curve calculated on the basis of probability laws. 

Accepting the magnitude Ky , according to formula (6.1), as the 
criterion for the sensitivity of an explosive, soze investigators 
(MURAOUR, TAYLOR, YUILL, etc.) assumed that this part of the energy during 
impact is completely, or almost completaiy, consumed in the ‘explosive 
contained in the plunger device. However it is not difficult to prove 
that the magnitude X;, does not represent the proportion of energy 
which is responsible for the excitation of an explosion. 

The total energy balance on dropping the load into an uncharged 
device can be represented in the following way to a sufficient approxi- 
mation: 

Kun k, + Ky 
where K=PH is the energy acquired by the load at the nomen of 
impact, X, is the irreversible loss of energy in the impact machine 
system, K, is the energy of elastic deformation of the plunger devices 
and the metallic elements of the machine. 

The energy of the elastic deformation of metal K:, is consuned in 


the rebound of the load, i.e. 
Ky= P. Fy. 


On testing the explosive in a standard case the height of the load 
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rebound can be quite large. 
According to our experinents, when a load of 10 kg is dropped from 
various heights onto an uncharged plunger device the magnitude H;, 


changes as shown in Teble 8. 


Drop height ard load rebound. 


15 7,0 0.47 
20 9.5 0.47 
25 12.0 0,48 
30 14.5 0.48 
| 35 13,0 | 051 
40 21,0 0,52 

0 

8 
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From these data it is evident that the ratio HolH for a given 
construction of machine and vluazar device has an averago vaiue 0.5 and on 
increase in the dvop height of tze load it increases somewhat, Ecwever at 
sufficiently large values of H the megaitude HM, ‘begins to decrease 
appreciably which 1s connected with the additional irreversible energy 
consumption in the plastic deforiaation of the metal. 

Thus it is possible to conclude that in the absence of an explosive 
the energy losses in the system amount on an average to about 50% of the 
total invact enerzy. 

Waen the load drops on a device charged with explosive, the total 
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energy balance will be 
Ke Kiri &, 


wiere Kk; ds the ivroversible eserzy loss in the icpact machine system; 
Ky is the energy of elastic deformation; K; 4s the energy absorbed 
by the explosive. 

Ixperiment shows that for devices charged with explosives the load 
rebound height Ho differs only insignificantly from Ho the rebound 
height in the absence of explosive. Thus, for stendard test conditions 
( P #10 kg and H = 25 em}, (Ho—) amounts in all to only’ 
1.5 = 2.0 on, 

This fact implies that a negligible part only of the impact kinetic 
energy is ebsorbed by the explosive itself, The py@f@inent portion of 
the energy, just 6s in the abscace of explosive, is used up in the load 
rebound end the irreversible losses in the impact machine system. Under 
standard test conditions the thicimess of the explosive layer in the com- 
presscd stats is of the order of 0.1 mm, because Xi ahould be only 
insignivicantiy less than K, . 

Thus, it must be concluded that Ky=P(/i— Ho) does not 
represoat the portion of the energy which. As dissipated in the explosive 
itself aad should be of the same order as K, 

Beozusé of this, Kz 8s a quantitative measure of scnsitivity is en 
extremeiy nominal magnitude and cen only serve as a characteristic for 
comparing explesives under given test conditions, 0a changing the 
coastruction and the characteristics of the impact machine and plunger 


devices tha relutionship between Ki and kK, and consequently the 
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magnitudo Ks will essentially change, which 1s the fundamental resson 
for the absence of preper agraczent between the data on the sensitivity of 
explosives derived by various euthors. 

The energy “XK; absorbed on impact in the explosive itself cannot be 
Jetermined exactly and therefore cannot be used directly as a criterion 
of the sensitivity cx the explosive. 

The orltical conditions under which it 1s posaible to initiate an 
explosion will depend not only on the total quantity of energy absorbed 
by the substance during impact but also on the maxima stresses, arising 
in the explosive, under the influence of which movement of the particles, 
plastio deformation, flow of explosive through the clearances and other 
phenomena leading to its heating ocour, On increasing these stresses the 
temperature of the foal of heating will increrse and the probability of 
explosion, as a rule, increases even in the conse when the energy of 
absorption of the explosive does not inerease. 

The stresses arising in an explosive upon impact in a drop-hammer 
machine can easily be determined from data on the energy of elastic 
deformation Ki. 

In the calculations it is possible to neglect the alastic deformation 
of the main impact machine and lond, because the compression in them will 
be considorably legs than in the cylinders since the stresses in them aro 
spread over an incomparably larger avea 

According to the theory of elasticity 1t is sufficiently accurate to 


take 
] 


Kix “eet, (6.2) 


WO8re "Oyu, is tho naxdimun stregs arising in the metal of the 
cylinders, / is the height of the cylinders, s is their cross- 
sectional area, £., is the reduced modulus of elasticity of the 
rollers—explosive system, 

The magnitude Ee a ts only a littie less than tho modulus of 
compression of the metal of the rollers, since the thickness of the 
explosive layer (O.1 mm), taking part in the el: ‘ic deformation, amounts 
to only 1/200 of the total height of the rollers ( + = 20 mn). 

The enorgy of elastic deformetion of the metal is consumed in the 


load rebound i.e. 


a PH, omy OVE, PR, (6.3) 


; r 
where amy 2 

The expression (6.3) can serve as an ostimate of the maximum 
stresses arising on impact in an explosives, since ons in the metal 
of the cylindera and in the explosive should be equal, 

Qn using the usual plunger devices and standard test conditions 
( P =10 kg, H = 25 om) for high explosives, ,,, attaina 15,000 
ke/en*, Ong 18 a magnitude which determines to a known extent the 
stute of the explosive (the degree of its deformation and the compression 
of the air enclosed in it) which should be taken into account in astimating 
the possible regions of local heating of the explosive and the probability 
of explosion ocourring in it, 

The expression (6,3) shows that the experimental results on the 
impact sensitivity of an explosive should to some extent depend on the 
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toad robowid height end the elastic properties of the cylinder metal. 
Experimental investigations confism this; 

1) It is known, for oxeuple, thet thy use of coprer cylinders 
requires a somewhat graater impact energy to obtain explosion than the 
use of steel cylinders. The modulus of elasticity of copper, E =® 
10© xe/em? and for stool, E*"2x 106 ke/en®, Therefore for copper 
cylinders at a given load drop height, the rebound height is somewhat leas 
than for steel cylindors. 

2) In tho presence of a rubber layer between the plunger device and 
the base of the imoact machine, the load rebound height inoreases 
noticeably, and to obtain a given percentage of exzlosions it 1s necessary 
to consume correspondingly larger amounts of impact energy, which at first 
glance would appear to contradict the supposition expressed above con- 
cerning the possible affect of the magnitude om, on the probability 
of an explosion occurring on impact, This contradiction, however, is 
only apparent, since the rubber layer is responsible for a considerable 
decrease in £E because of the relatively small value for the modulus of 
elasticity of rubbo:. 

3) Numesoug investigations show thet on increasing the weight of 
the dropping load somewhat rore exergy 1s requiroc to initiate explosion 
than is necessary in the case of impact with a lighter load from the same 
height, which 1s evident from the data of WELLER and WENTSELSERG given 
in Table 9. 
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Table 9. 


ne variatio of tho eritiosl irsoct enerc 


Keo (5) with the woight of the lead (kg) 
Oe eee eS 


Weight of load 
Explosive | 


Ct ee ee 6.50 755 7.04 8.06 
ran 6.98 7.10 742 7.49 

rn 9.52 9,70 9.69 10,32 | 
tee eee 5.15 5.77 6.93 7.07 
5.89 §,97 7,21 7,20 


The reason for the decrease in tho critical impact energy on using a 
lighter load is explained, in the opinion cf some investigators, by the 
fact that due to the higher impact velocliy tnere arises a higher gurface 
pressure for a somewhat smaller total compression of the explosive. 

A clearer physical explenstion of this phenomenon oan be ziven 
starting from the following conelderations. 

4ceording to SHERBONE the magnitude of the elastic defoxwation 
ocourring in the system under tha influence of an impact is determined 
mainly by the kinetio energy of the impact, whilst the extent of the vis- 
cous deformations depends basicelly on the impulse acquired by the systen. 

If the impact kinetic energy rewains constant, then the character of 
the change in impulse depending on the velocity of the dropping load is’ 
determined by the ratin /~-©, 


since - am = C= const and /= mu. 


From this it follows that with increase in the drop velocity of the 


—_ 
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load, the impulse, and consecuently the extout of the viecous deforwationg, 


deereases song.nat, and the elastic deformations in the metal increase 


cowres~ordingly, cevsing soue increase in the load rebound, The lattor 


circunstanece should in its tura lead to a corresponding increase in o,,,, 


as follows fvom expression (6.3). 


§ 7, The sensitivity of explosives to puncturing and friction. 


Sensitivity to puncturing is defined only for initiating compounds or 
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Fic,j0, RDULTOVSKIY's electrio 
impact machine, 1 = load; 

2 = electromagnet; 3 - stand; 
4-—- sleeve; 5 = mounting wlth 
capsule and pin. 
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mixtuces Intended for use in punctur- 
ing capsule-j1gniters and capsuie- 
detonators. 

To test the sensitivity of an 
explosive: to puncturing ‘RDULTOVSKIY's 
electric.impact machine is usually 
uged; its construction is illustrated 
in Fig. 10. 

The pear-shaped load 1 ig main-. 
tained at a given height by means of 
an electromagnet 2, The explosive to 
be tested 1s pressed under a definite 
pressure into a cartridge case, the 
top is covered with tinfoil and in 
this form it is placed in a special 
mounting covered by a lid 5, Through 
the opening in the lid exactly in the 
middle of the capsule is passed a 


stoel pin of standard dimensions. The jetticonins of the load onto the 
pin is caused by Giscomnecting the circuit of the clactro-macnet. In this 
case the songitivity ia said to be characterized by the upper and lowar 
linits, 

Friction as a form of initial impulse is rarely used in practice, 
only in the special abrasivo compositions which find extremely limited 
epplication today, The sonsitivity of an explosive to friction is meinly 
of interest from the point of viow of safcty techniques in the production 
end application of explosives. 

Existing methods for the doteraination of sensitivity to friction 
are not distinguished by great accuvacy and cannot form the basis for 
the rigid quantitative characterisation of oxplosives with respect to 
thelr sensitivity to this impulse, 

Tho following methods of tustiug for sensitivity to friction are 
well-lnown: 

1. Test on a friction pendulum (Fig. 
11). The pendulum 1 with the help of 
the arc 2 can be fixed at a given 
height. 4s the pendulum falls the 
removeble shoe of its corresponding 
weight passes over = face with a 
groove 3 filled with explosive; in 
so doing the convex surface of the 


shoe strongly grinds against the 


explosive, In the tests the 
minimum drop height of the pendulum Fig.J1. Friction pendulun, 
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and the number of oscillations to the commencement of igaition are 
determined. 

In this method it is difficult to regulate oxectly the clearance 
botwdon the surface of the shoe and the groove which has an effect on 
the magnitude of the frictional force; for the method used the friction 
is essentially combined with the impact. 

2. The testing of explosives for sliding friction is carrled out 
in an apparatus illustrated schematically in Pilg. 12. 

In this apparatus the explosive undergoes friction between two 
Plates 1, 2. ‘The lower friction surface, on which is placed the explosive, 
is immovable. The upper friction plate rotates at a given speed. With 
the help of the load 3 it is possible to regulate the frictional force. 

In this method of testing, the sensitivity of an explosive to 
friction is usually characterized by the force of aompression of the 
explosive between the plates at which, for a given rotational speed, 
explosion occurs. In this case the time from the commencement of the 
test to the moment of explosion is determined, 

3. BOWDEN and GURTON 4n investigating the sensitivity of solid 
explosives to friotion used the apparatus shown in Fig. 13, In this 
apparatus the thin layer of explosive (about 25 mg) 1s pressec by means 
of a loadinz screw onto the steel plate 2. The sliding plate is caused 
to move by the impact of the load 3, whioh is a pendulum falling ata 
given specd; in this case the explosive undergoes a rapid movement. 


The results of some tests according to this method are given in Table 10. 
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Fig.i2. Apparatus for the Fig.13. Apparatus for the 


dotermination of the sensitivity determinetion of the sensitivity 
of an initiating explosive to of solid explosives to friction, 
friction. 


Table 10. 


The sensitivity of explosives to friction 
according to BOWDE. aad GURTON, 
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In the presenco of an extrezcly small cuentity of csusned glass, 
these explosives wnéer the sate conditions gave i0Cc)% explosions, The 
sensitivity of the corresponding initiating essslosivos to friction in 
cha presence of high-melting additives (wita melting point > 500°C) also 
increase ossenvially, as is evident fro= Table ll. 


mALING 


BOWDEN anc bis coevorkers showed t22v there was a notlcccule aflect 
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On the somcltivity of explosives to friction, all ovner conditions being 
sho sats, Gue to the therzal conductivity of the sliding body (slider) 
Wit: roszecs to the explosive, 


2 highiy-volisned glass dise is covered with a tain film of nitro- 


slycerine acd is rotated at a constant speed, Tho load on ths slider is 


om) 


gradually inoreaged until explosion 
occurs, The expe’. tental results 


are presented in Fig, 14. 


Noon, + 
The minimum friction force in 4000 one 
eo 
grams 4s given on the ordinate azts g 500 = 
€ 5000 FA 
on the left; on the right is given g o 2 
A bi 
4s a 
the minizum 1 to uf 
c um load necessary tor. E woo 4 
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explosion to occur. The abseissa f 


axis gives the thermal conductivity. 


ABC 


: D 
The different curves correspond to Theraal conductivity, ‘cal/on.aeo.deg 


eifferent rates of rotation of the 
diso. Figsl4. The variation of the 
friction foree necessary for the 
For constentan, the coef- initiation of explosion in nitro- 
glycerine versus the thermal 
ficient of thermal conductivity conductivity of.the aliding body 
with respect to the explosive. 
k = 0.05 (A), for steel k = 0.1 (B), 
for nickel &« = 0.16 (C) and for tungsten k = 0.35 (D). 
From the dtagram it is evident that if the sliding contact is a bad 
heat conductor (for example, constantan), then explosions occur much more 


readily than in the case of a good heat conductor (for example, tungsten). 


8 8. Tha sensitivity of explosives to vibration during firing. 


During firing from artillery guns the possibility 1s not excluded of 
the premature action of the amuunition whioh in some way or other is 
connected with the stresses arising in the exploalve charges at the moment 


of firing due to the forces of inertia, 
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The maxlaum stresses Ama  @rising in an explosive charge can 
readily be estinated from the following acsumptions: 

a) the pogsibility of linear movement of the axplosive charve during 
firing is excluded due to its closa proximity to the base of the shell, 

Bb) the €unsasy aid stitctusy of ube aglow’: ucuzhout ita mass 
are completely uniform, as a result of which the stresass at any point of 
a given cross-section should be the same. 


The maximum foroe acting on the base of the shell equals 


F = aR P, 
whera R ia the semi-bore diameter of the shell, /P,,, -is the maximun 
pressure of the powder gages. 


The maximum acceleration acquired by the shell is, correspondingly: 


q = Ae g, 
where Q is the weight of the shell, g is the acceleration of the force 
of gravity. 
Tne explosive charge, on acquiring this aoceleration at any cross- 


section x , will develop at this section the inertia force: 
Aan =tRP ue , 


where ,  #i1s the welght of the part of the explosive charge corres- 
ponding to the section + . 
The maximum inertia force is attained 1n the bottom lays». i.e. when 
®, equals half the weight of the explosive charge » . The force per 
wiit area of cross-section of the explosive charge, or the maximun stress, 


therefore equals 


FL 


w@ Ke 
Amor = Pannx G Fi (6,2) 


where ¢f is the radius of the explosive charge at the cross-section 
under greatest stross. 

The expression for 4,,, can also be represented in the following 
fora: 


hous = 


HSP max 
oO? 


wiere H is the length of the charge, S is the cross-sectional areca of 
the shell, p is the density of the explosive. 

It 45 not difficult to note that formula (8.2) can oagily bo changed 
to tho form (6.1), 

% ig accepted that to secure safe conditions during firing it is 
necassary that A,,,  doea not exceed some limiting value 4. , 
Gependent on the sensitivity of the given explosive, st which the possi- 
sility of its ignition or explosion is completely excluded. The results 
2: daterzinations of A, carried out under given experimental conditions 


‘out certain explosives are given in Table 12. 


Taple 12. 


{ 

Name of explosive dope sll 
Trotyk 2. ee te 1800! 
Trotyl-Haxogen alloy (50/50). . 1400: 
Tetryh we ee 850 | 
PETN with 5% phlagmatizator. . . 750 
Amatol (80/20)... -- eee 1400 


It follows, however, that it must be stressed that 4, cannot be 
considered as some constant criterion for a viven explosive, since in 
real ammunition ignition of the explosive cuu ococur at essentially 
different values of 4 depending on the physical properties of the 
charge and other test conditions (construction of the object, the presence 
of spaces, sharp edges in the body, defects in the equipment, etc). 

As has already been said in 8 4, even under conditions where 
extremely high stresses (of the order of 10* kg/om* and higher) are 
achieved, the ignition of the explosive does not occur, if the possibility 
is eliminated of the displacement and rapid flow of the explosivo, leading 
to tho development of regions of intense local heating. 

The structure of the explosive charge has a large effect on the 
explosion hazard during firing. Some defects in the charge are especially 
harnful, such as external blisters, sir bubbles, oracks and maoro- 
eryatalline impurities, which under certain conditions can be centres of 
dangerous heating. 

Whilst using preased explosive charges it is neceasary that the 
pressure of the compresaion exceeds the stresses which can arise in the 
explosive at the moment of firing, If this does a0v apply, the possibility 
is not excluded of the appearance of intensive displacements of the 
explosive particles and other forms of deformation of the charge, which is 
especially dangerous in the presence of spaces or sharp edgea in the given 
section of the chamber of the shell. 

Inouffioteat density of the explosive charge oan in certain casas 
lead to a disturbance of the "no-failure™ action of the ahell (mins) due 


to strong consolidation of the charge at the moment of firing and the 
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formation in this connection of a space between the explosive charge and 
the fuse. 

Safe conditions during firing depend not only on the combined effect 
of the factors given above, but also on the character of the acceleration 
of the shell, i.e. on the interval of time during whi... | szessure in 
the bore attains a value P,.. . The smaller this interval of time, the 
more dynamic is the load experienced by the explosive charge and the less 
will be its deformation for a given stress. 

The results of the relevant investigations give no reason to doubt 
the fact that the mechanian of excitation of explosion during firing is 
direotly connected with the thermal ignition of the explosive and the 
conditions of its initiation approximate to the conciwleng dovlig anp.et 


and friction, 


8 9.. The sensitivity of explosives to t 


action of initiating substances. 


4s initiators of explosive processes, initiating substances are used 
mainly to produce detonation of high explosives. 

The sensitivity of explosives to detonation during the aotion of an 
initiator or, as is usually seid in this case,their susceptibility to - 
detonation, is usually characterized by the magnitude of the limiting 
daitiating charge, 

The limiting initiating charge is called the minimum charge of the 
initiating explosive responsible for the detonation of a definite quantity 
of the bigh explosive being investigated. It is usual to judge the 
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excitation of detonation by the character of the rupture of a lead disc 
by means of the explosive. The higher the limiting initiating charge, 
thon the less is the susceptibility to detonation of the high explosive 
under consideration, 

The stimulating (initiating) ability of various initiating substances 
with respect to the same high explosive is not identical. The higher the 
rate of detonation of the initiating substance and the less the period of 
acceleration of the explosion i.a. the period of increase in the rate of 
the process up to a maximum, then the greater is its initiating ability. 
Lead azide and mercury fulminate possess almost the same rate of 
dotonation; however, the section in which the detczation prow. co. 2s 
is considerably shorter for lead azide than for meroury fulminate, 
Because of this the initiating ability of lead azide is considerably 
greater than that of mercury fiulminate, especially under the conditions of 
action of small-sized capsule-detonatora, For a relatively large-sized 
initiator, the initiating abilities of lead azide and mercury fulminate 
are approximately the same. 

The magnitude of the limiting initiating charge is determined not 
only by the properties of the explosive initiator and the susceptibility 
to detonation of the high explosive being tested, but also by a number of 
other factors canneoted with the choice of casing, the conditions of 
dnatallation of the initiator, etc.; these are considered in detail in 
special cotrses on the means of initiation, From this, however, it is 
clear that to obtain comparable results tests of explosives for suscept- 
ibility to detonation ahould be carried out under strictly standardized 


conditions, 
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The test method is as follows. 
0.5 or 1.0 g of the explosive to be 
investigated is compressed under a 
pressure of about 1000 kg/en* into a 
normal capsule cartridge, then the 
appropriate 1 wight {see below) of 


initiating substance is passed into 


WiujMZ, 


the cartridge, the small cup is secured 

and the capsule charge is pressed under 

& pressure of 500 kg/cm”, The capstile Fig, 15. Container for ex- 
ploding the capsule. 

having been charged in this way is 

exploded in a special container over a 5 mn dead plate, as is shown in 

Fig. 15. 

The initiation of the explosion of the capsule 1 ia carried out by 
meang of a fuse 2. The detonation is considered complete if the orifice 
in the lead plate 3 ia greater or equal to the diameter of the capsule. 
Some data on limiting initiating charges are given in Table 13. 

The initiating ability of an initiator depends to a marked extent 
on the surface to be initiated, With increase in the latter, the 
initiating ability of the initiator dnoreases to a known limit. The 
optimum conditions of initiation are attained when 4 =1 , where d, 
is the diameter of the initiator and D is the diameter of the 


initiatable charge. 
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J Table 13. 


Limiting initiating charges, ¢. 


ras rer 


Tasted explosive 
Tnitiating charge 


Tatryl | rserte acta frotyl, 


Meroury fulainate, . . 0,29 
«Lead agida . www, | (0,025 


0,30 0,36 
0,025 


SUAHOV's data on limiting initiating chargas roferssd to unis 


initiatable surface are given for some explosives in Table 14. 


Table 14- 


Tosted explosive, vat| PETN | Tetryl “Trotyl 
Liniting initiating 
charge, g/oa2 0.70 042 0,90 
I 


810. Initdation of explosion during impact and friction. 


Tae initiation process of an explosion under the action of impact 


(or other forms of mechanical impulse) is an extremely complicated 
phenomenon which has not yet been investigated completely in all its 
details. 


According to BERTHELOT, the action of an external impulse, 
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independently of the form of the applied energy, reduces in the end to a 
rapid thermal change and to a rise in temperature even if only in a 
narrowly localised region of the explosive system. 

The direot reason responsible for the beginning of explosive 
decomposition of the molecules is the increase in temperature in the 
explosive above its self-ignition point. 

If, however, it were assumed, as some investigators did assume, that 
the heat absorbed during impact is propagated uniformly because of the 
small size of the volume occupied by the whole whight of explosive, than 
the heating temperature would olearly be insufficient for the o::": 
of an uxiécive vocction, On tha assumption that tho entiza truest oncoey 
(corresponding to 50% probability of explosic..) is exvively ce: a oohy 
by heating the explosive, TAYLOR and YUILL on the basia of thor experi- 
ments with mercury fulminate estimated that the temperature inorease of 
the explosive does not exceed 20° which is clearly insufficient for the 
ignition of this explosive. Similar estimates, carried out for plorio 
acid, show that for this mechanism the rise in temperature reaches 330°0, 
It 1s evident that under impaot conditions, the duration of the impaot 
being measured only in ten-thousandths of a second, self-ignition of the 
Ploric acid at thin temperature cannot be guaranteed. 

The temperatures calculated in this way are clearly over-estimatad, 
since the energy actually absorbed by the explosive, as has already been 
explained earlier, is considerably leas than the so-called critical impaot 
energy. 

Thus we see that on the basis of only a single overall thermal effect 
of impact it is not possible to explain the process oreating explosion. 
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TAYLOR and YUILL expressed views against the thermal mechanism of 
initiating an explosion, in supposing that during impact direct acti- 
vation of the molecules without an intermediate thermal stage can occur. 

These investigators! ideas concerning the mechanism of explosion 
initiation during impact for the case of solid orystalline explosives 
were developed in the tribochemiecal hypothesis proposed by them, The 
mechanism of the process, according to this hypothesis, as as follows. 

Under the influence-of impact on the surface and edges of the -'.'. 
separate crystals there arise normal and tangential stresses, as a result 
of which extremely strong friction arises between the mitually disvlaced 
GWolaces OF The gustleles and on the fricvie. cuetiue lL. lie. . 
moleoules are formed in a considerably greater quantity than would follow 
from Maxwell's distribution law. 

Thus, according to this hypothesis, the main reason for explosion 
initiation under the action of impact is the tribochemical reaction 
arising on the friction surfaces of explosive orystals. 

It must also be said that the phenomena arising in an explosive 
under the action of an impact are not of course limited to friction alone 
but bear a considerably more complicated character (crushing of crystals, 
plastie flow of the subatance, compression of air bubbles, etc). 

Above, it has already been noted that one of the parameters defining 
the state of the exploaion at the moment of impact is the stress arising 
in it, O masz - However, in reality the stress 1s not distributed 
uniformly through the explosive and because its physical structure 1s 
disordered (internal cavities, irregular shape, disordered arrangement of 


the crystals, etc), there can arise in separate localised seotions "peaks" 


Go 


of increased stresses, which will under given conditions be the foci of 
regions of maximum local heating. It 1s evident that these foci or "hot 
spots" should at the same time be the moat likely centres of explosion 


initiation. 


In this case, initiation of explosion will be attained only when the 
temperature of the "hot spot" is sufficient for the ignition of the 
explosive with an ignition time lag not exceeding the duration of ‘the 
impact, The hypotheaia concerning the possibility of explosion oowrring 
during impact due to the direct influence of regiona of localised heating 
was first expressed by CHARITON, whilst BELYAEV was the first to prove 
experimentally the ability of an explosive to be initiated thomily ‘exidez' 
the influence of extremely brief ( + = 107* 360) heating of looal 
regiong, 

To obtain this kind of local heating in small volumes of the order 
of a few cubio microns BELYAEV used thin platinum wires (8==2—5y) , 
passing through the explosive, which were heated by the current of a 
condenser discharge. This method seemed suitable in that with its help 
it is possible to obtain extremely high energy concentrations for a 
negligible otal consumption of energy. The heating period of the micro-j 
volumes of explosive in this case was not more than 1073 ~ 1074 sec, 

BELYAEV's experiments showed that at atmospheric pressure a highly- 
sensitive explosive such as nitrogen trichloride, detonates only during 
the localised heating of a small volume to temperatures of the order of 
several thousands of degrees, but for nitroglycerine detonation does not 
occur even under the experimental conditiong under which a unique 


"explosion! of the wire ocours accompanied by an increage in its 
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temperature to 20,000°. 

However, under these test conditions the temperatures of the regions 
of local heating of given explosives in reality exceeded only slightly 
their temperatures of vaporization since the energy supplied would have 
been absorbed by the vaporization process. 

In this connection additdonal investigations were carried out under 
a pressure of one hundred atmospheres. The increase in pressure leads to 
an increase in the boiling point and consequently should lead simultaneously 
to an increase in the maximum temperature of the regions of localised 
heating and thus cause the development of a cierionl weaotln o.- 
explosive. 

The results of these experiments are as follows; 

1. Under a pressure of 100 atm, nitrogen trichloride detonates 
during a considerably shorter (about 10-15 times) heat pulse than at 
atmospheric pressure. The minimum energy necessary for exciting its 
detonation, under given test conditions, amounted to 9.6 x 107? coal, Thia 
energy can produce heating of the wire by at most about 170°, 

2. Nitroglycerine under atmospheric pressure which does not de- 
flagrate even under very powerful heat pulses attaining 107? cal anergy 
deflagrated under the pressure of 100 atm with an impulse of the order 
of 1077 cal, but its explosion was not achleved consistently. Approxdmate 
calculation shows that for the critical impact conditions under which 
nitroglycerine explodes, a pressure of over 10,000 atm. develops in the 
layer in which the regions of localised heating arise. 

3. In volatile explosives localised heating itself cannot produce 


an explosion on ita own. It 1a necessary to combine tha localised heating 
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with a relatively high pressure, which condition is fulfilled during a 
suffioaiently strong impact of the explosive. 

The possibility of the thermal initiation of "hot spots" during 
impact was direotly proved by tudying the sensitivity of liquid 
explosives, and plastic and molten solid explosives by BOWDEN, YOFFZ and 
their co-workers, 

They showed that the impact sensitivity of exploaivea increases 
noticeably when there are small bubbles of air or another gas present in 
them. Thus, for example, the impact energy for nitroglycerine, containing 
air bubbles of radius 5 x 1072 om, necessary to obtain 100% explosions 
equals 400 gom; in the absence of bubbles in the nitroglycerine an impact 
energy of the order of 105 = 108 go was neceasary fo secure regular 
explosions. The initiation of the explosive in the first case occurs due 
to the adiabatic compression of the gas present in the bubble, The 
temperature increases rapidly, In the second case, explosion is evidently 
produced by the viscous heating of the liquid during the rapid discharge 
from the clearance between the impacting surfaces. It waa seen that the 
quantity of gas capable of sensitizing the explosive (increasing its 
sensitivity) is very amall, of the order of 3 x 10710 g and that the 
quantity of heat evolved during compression of the air in one bubble 
anounts to only 1077 eal. The minimum degree of compression of the gas 
necessary to excite explosion amounted to /2/p, 20, 

With inorease in the initial pressure of the gaseous ooclusions, the 
sensitivity of the nitroglycerine decreases correspondingly because of 
the decreases in the degree of compression of the gas. The experiments 


were carried out in a closed vessel where p, could change from 1 to 
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100 atm, 

In experiments on +0 initiation of explosion of liguid and solid 
explosives by friction 1% was established by the cited authors that the 
conditions of explosion <:*s determined by the regions of local heating 
arising in the explosive ¢ 2 sliding of the bodies. The maximum 
temperature of heating is limited by the melting point of the corresponding 
body. 

Experiments carried out with metals and melta of different nei... 
points showed that large loads and sliding rates cannot of themselves 
produce an explosion of nitroglycerine provided that the local temperature 
does not attain 480 - 500°C. 

BRIDGMAN aleo drew similar conclusions concerning the role of thermal 
effects for the initiation of an explosion under the influence of powerful 
mochanical deformations of the explosive. Two types of tests were carried 
out by him with different expiosives, In the first test, the explosive 
underwent a hydrostatic pressure of 50,000 kg/cm, imposed so that it 
produced a powerful deformation of the tested object under the combined 
action of high pressure and shear (of the order of 60 radians). 

In the second test, the explosive was subjected to a pressure of 
100,000 kg/cm, but at a comparatively small shearing ceformation, On 
the basis of his experiments BRIDGMAN drew the general conclusion that 
shearing by itself, unless it ia accompanied by high temperature, cannot 
produce detonation, 

For the majority of secondary explosives friction between the crystals 
or between the crystals and the metal surface itself cannot be the reason 


for tha initiation of explosion, sinoe rapid decomposition of the explosive 
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eccurs at tomperatures exceeding its melting point. During this time the 
maximum increase in temperature under thes: .Jitions cannot exceed the 
melting point of this explosive. 

BOWDEN and his co-workers, however, showed that in the friction pro- 
cess sufficiently intense foci of heating can be f med, necessary for 
securing the explosion of these explosives when sufficiently high-melting 
additives have been introduced into their composition. 

In contrast to secondary explosives, initiating explosives even in 
the pure state are exploded more or less readily under conditions of 
friction, since thelr explosion on heating always occurs in the solid 
state. 

These authors by means of photo-recording have established for the 
majority of explosives both during impact and during friction that an 
explosion begins as a relatively slow combustion, the velocity of which 
increases to several hundred m/seo and then changes quickly to detenation 
with a veloeity of the order of 2000 m/sed. 

In initiating explosives of the PbN¢ type explosion always arises as 
a detonating type. 

BOWDEN and YOFFE arrive at the general conclusion that the initiation 
of the majority of liquid, plastic and solid explosives by impact and 
friction is always connscted with regiona of localised heating occurring 
in the explosive as "hot spote" of finite dimensions (1 = 1077- 107 cn), 
which fulfil the role of the initial oentres of thermal ignition, The 
"hot spota™ can form as a consequence of one of the following causes: 

a) the adiabatic compression of small quantities of gases or vapours 
included in cavities present in the ex-losive or arising in it at the 
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morent, 

b) the frietion of the solid parts = nre-cminwutiy in tho presence 
of high °Lting additives and 

c) the viscous heating during rapid discharge of the explosive (at 
sufficiently high impact energies). 

It is impossible, of course, to agree with some investigators (GARNER 
and others) in whose opinion detonation of explosives can arise as a 
result of the activation of separate isolated molecules, During the decom- 
position of these activated moleoules, the energy of the reaction is 
quickly dissipated by heat conductivity, thanks to which the necessary 
conditions are not oreated for the acceleration of the process, 

In research carried out with TRILLA and OKE, MURAQUR showed that the 
impact of high-velocity eleotreons or «a -partioles does not produce an 
explosion even of such highly-sensitive explosives as nitogen iodide, 
silver acetylide or lead azide; at the same time there ococurs in them the 
decomposition of separate isolated molecules, or even of a group of mixed 
molecules, expressed, for example, in the blackening of lead azide or 
silver acetylide, 


RIDEAL and ROBINSON estimated 
2 1 


Sa 


Plunger device for the 
period of time from the moment of determination of the interval of 
time from impact to explosion, 


the temperature and time necessary 


for the decomposition of the hot 


spots" for various explosives, 


determined experimentally the 


impact to that of explosion and 
showed after this time the "hot spots” succeed in reacting completely, 
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The test was carried out on the following explosives: nitrogen 
iodide, PETN, hexogen and Tetryl. Tho load of explesive 2 1a placed ina 
plunger device (Fig. 16) between two ruller bearings 1. The sicevo 3 of 
tka device wags provided with two transverse ducts 4 for tha discharge of 
the gaseous products of sxplosion, A third duct was drilled perpondiculer 
to one of these two ducts nearer to the lower layer of explosive. 

During the passage of lonised explosion products through this duct, 
electric circuits were closed which made it possible to flx the moment of 
explosion, The moment of impact in its turn was determined by an electric 
circuit closed through the contact of the load with the upper roller. The 
corresponding time intervals were determined by means of an osaillograph. 
The least time recorded by the apparatus amounted to 20 mioro sec... The 
Mean results of the determinations are given below (Table 15). 


Table 15, 


( P=4kg, H= 59 on) 


Name ot explosive nisroseo 


niorosse | Nene of explosive 


Nitrogen fodide . . 20 Hexogen (50 ag). .{| 260 
PETN (SO mg)... 230 Hexogen (25 mz). . 340 
PETN (25 mgh... 240 Tetryl (50 mg). . 350 
PETN (10 ag)... 230 Tetryl] (35 mg). .| 320 


On deorsase in the impact energy, the time necessary for explosion 
increases someuhat. Thus, for P = 4kg and H = 34 cm it was shown 


that for PEIN (25 mg) + = 390 mioro seo, for Hexogen (25mg) + & 
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450 micro sec, The addition of quartz (18%) to PEIN decreases the time 
necessary for explosion to 80 micro sec. 

In the absence of explosive from the plunger device at P =4kg 
and H = 59 am the duration of impact (the interval of time ‘rom the 
moment of impact to the moment of load rebound) was shown to equal 460 
micro sec. Using this method, the authors also determined the rate of the 
radial outflow of the explosive during impact which was equal to 15 m/sec 
for Hexogen at P =@1,5 kg and HH = 75 on, 

Under somewhat different test conditions carried out by BOWDEN and 
GURTON the duration of impaot did not exceed 300 mioro seo and the delay 
time for PETN and Hexogen fluctuated between the limits of 60 and 150 
micro se0. 

These authors! data conoerning delay times seem to us to be more 
exact, since in then the moment when the explosion begins was determined 
Alreotly by the displacemerit given on the photo-recorder, whilst in 
RIDEAL and ROBERTSON's experiments the delay time includes the additional 
time necessary for the propagation of the flame through the weight of 
explosive until it reaches the electrodes. 

RIDEAL and ROBERTSON carried out a theoretical calculation of the 
critical temperature at which the substance at a”hot spot” succeeds.in 
reacting completely during a given interval of time + . For this, they 
estimated the heat losses outside the "hot snot} and the reaction heats 
and kinetic characteristics of the corresponding explosives were taken to 
be such that they were establishec during their glow thermal decomposition. 

Let a be the radius of the "hot spot", » the density of the 


explosive, o its heat capacity, 6 the inorease in temperature at any 
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point at a distance +r (outside the "hot spot") attainable in the interval 
of time 1 due to heat conductivity. 

It is assumed that the focus of heating at the initial moment has the 
same temperature at all points, which exceeds the temperature of. the 
surrounding medium by @, . Then the heat given out by the "hot spot" 


to the surrounding medium after time + equals 


Qi= [ 4nrOpe dr, (10.2) 
q 


where @ is defined by Fourler's baaio law of heat transfer which for 
the given case (spherical symmetry) ia written in the following form: 


sa e—2 
° ri ror 


= 
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( k 4s the coefficient of thermal conductivity). 
The boundary conditions here are 


@=0 at t=0 for r>a, 
@=8, at t=0 for rca, 


which permits the equation to be solved and the temperature at any point 
to be estimated in an explicit manner. If the temperature of the "hot 
spot! 1s nearly the same aa the reaction tamperature and the time + is 
very small, then the heat evolved by the "hot spot" after thia time as a 
result of the reaction equala 


Eg 
4 - 
Qa = a natogtAe an, (10, 2) 


where g is the reaction heat referred to unit mass, Ae" ig the 


quantity of substanee reacted per seo per unit volume (the rate of the 
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chemical reaction). 
The critical temperature if the "hot spot" can ba determined from the 
condition of thermal equi’ ibrium, i.e. that 
Q=Q. 
The coefficient of thermal conductivity, heat capacity and density 
for all the explosives in the calculations ware taken to be, reapectively, 
2.4 x 1074, 0,3 and 1.3 in CGS units, The time * was assumed to be as 


follows: 
for "hot spote" with radius 107 on t= 107! seo 
‘ oe ‘ * 107* om tex 107" s00, 
“ “aon a “ 107° om c= 107" s00, 
“ ) ” a u 107§ on c= 107" se0. 


In fable 16 the critical temperatures are given of the "hot spots 
calculated for these conditions. 


Table 16. 
The critical temperatures 1, °c of "hot spots" for some exploaives. 


| Faue of explosive aan l0~8 og | aemi0~4 og | amt0™5 ny | ame lom* ge 
PEIN Ww ee 350 440 560 730 
} Mexogen ....... 385 485 620 820 
Cyolotetramethylene- 
tetranitramine ... 405 500 625 805 
Tthylenedinitramine. . 400 590 930 1775 
Vetryl .....0. 425 §70 8i5 1250 
Ethylenedianinedinitrate 600 835 1255 2225 
Angoniun nitrate 590 825 1230 2180 
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In the opinion of the cited authors, the estimated critical 
temperaturas agree satisfactorily with the impact sensitivity of these 
explosives. 

The period of decomposition of the explosive at the "hot spots" was 


determined by the authors from the following kinetic relationships: 


R 
medT =(m—x)gAe ®T gx —b(T —T,) dt, | (10.3) 
B 
dx axe (m — x) Ae” 8? de, 
where m =+ masp is the mass of the "hot spot", x is the quantity 


of explosive decomposed after time + at the "hot spot", 

The heat given to the surrounding medium is determined from the 
second term on the right-hand side of the first equation. The time + 
can be~calowlated by the method of numerical integration, if the initial 
conditions are known, 

The results of the caloulation give values of ty equal to 440°C 
and 485°C for PETN and Hexogen reepectively at a = 10-* om and reaction 
time * = 10-6 sec. From this it 1a clear that the explosive at the 
"hot spots" oan reaot completely after intervals of time which are 
considerably shorter than the impact time, 

BOWDEN and YOFFE established by various methods that the mintmm 
temperatures necessary to excite the explosion of nitro-glycerins, Hexogen 
and PEIN, both under conditions of friction and impaot and for the rapid 
adiabatic compression of air, are of the order 430 ~ 500°C; this agrees 
well with the calculated values of {. # given above. One of the possible 
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reasona for the occurrence of "hot spots" under impact is the heating 
during viscous flow of the explosive. This flow can take place due to 
the formation in the impact zone of small volumes of liquid explosive 
flowing through the spaces between the solid particles. 

For the quantitative estimate of the temperatures in such processes, 
we consider the flew of a liguid through a capillary of constant crossa~ 
section, Neglecting the heat losses due to thermal conductivity and liguid 
compression, the inorease in temperature 6 oan be determined npproxi- 
mately, as according to POISEUILLE's law for laminar flow with constant 
viscosity it equals 

O= Tae (10.4 
® ) 
where / ig the length of the capillery, a is its radius, v is the 
average rate of flow, / is the mechanical equivalent of heat, 1 is 
the viscoaity, p dis the density of the explosive and c is its heat 
capacity, 

Taking { =OQ,l om, n = 0,3 CGS units, v = 107 cm/sec 
(according to experiment), a = 107* m, 9 @1.3 g/m and c = 
0.3 cal/g deg, we obtain @ = 1470°C. 

To obtain for the conditions given above a flow rate equal to 103 
em/sea, o,,, should be of the order of 10,000 kg/am* which 1s frequently 
the case Under the exploaion conditions of high explosives at impact. 

The case considered of the capillary flow of an explosive, as has 
already been shown, is not of course the solitary reason for the occurrence 
of an explosion on impact. Even for one and the same explosive the 
conditions and the probability of the formation of "hot spots"can be 
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essentially different depending on the possible character of the 
deformation of the explosive on impact. Thus, for example, it is possible 
to consider that on testing an explosive in standard devices with no 
clearances between the sleeve and the -ollers, a decisivsa role in the 
formation of "hot spots" will be played by the processes of internal local 
deformationa (micro displacements, adiabatic compression of the gas 
bubbles, capillary flow etc.), passing under the action of the appropriate 
“ pressures into a closed volume of the same explosive. On the other hand, 
if as a result of impact the explosive charge ia capable of deformation 
and if under the influence of the pressures arising during impact it 
penetrates into some of the spaces, then the proaeases of plastic and 
viscous flow of the explosive and the effects of friction of the particles 
will have a definite aignificance together with the air spaces in the 
initiation of explosion, 

From what has been desoribed 1t 18 possible to conclude that 
independently of the character of the deformation of the explosive and 
the conditions of formation of active centres, the initiation of an ex- 
pleston for all forms of mechanioal impulse occurs as a result of the 
local processes of thermal ignition of the explosive. 

4n understanding of the mechaniem of exploaion initiation is of 
essential importance in the oorract solution of many practical problems 
conneoted with accident prevention whilst usiig explosives. 


The sensitivity of the same explosive can change greatly, depending 
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on the action of various physioal faotora. The basic factors of a 
physical kind, showlng an effect on 
e-Tetrazene the sensitivity of explosives to 
external actions, are: 
1) temperature, 2) heat capacity 
and thermal, conductivity of the sub- 


Drop height (inches) 


stance, 3) volatility, 4) state of 


ageregation, 5) structure, 6) den- 


sity of the substance, 7) magnitude 


00 
Tenperature, ‘C 


of the orystals. 


Fig.17. The variation of the The effect of the enumerated 
impact sensitivity of tetra- 
zene and mercury fiminate factors is shown on the sensitivity 


with initial temperature. 
to a varying degree depending on the 


character of the initiating impulse applied to excite explosion. We will 
consider the effect of eaoh of these factors separately. 

‘On increasing the temperature the sensitivity of explosivas inoreases 
sharply and at temperatures approaching explosion temperatures they ex- 
plode from even a weak impulse. The variation of the impact sensitivity 
with temperature is represented in Fig. 17 for mercury fulminate and 
tetrazene from the data by TAYLOR and YUILL. 

For a considerable decrease in the tempucature, the sensitivity of 
an explosive decreases. Thus, on cooling mercury fulminate to the 
temperature of liquid air, it often gives failure on ignition. The effect 
of a severe cooling on the senaitivity of explosives 14s illustrated by the 


data of Table 17. 
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Table 17. 


The effect of initial temperature 
on the limiting initiating charge. 


Least quantity of meroury 
fulninate neces: to 
o 


Nane of explosive 7. Rg 
tema? C | fr —10e°¢ 
Mitrogelafins ....,.... 0.26 10 
Pyroxylin 6 2. ee ee y y 
Piorio acid) se ee 0,25 20 } fatturen 


Heat capacity and thermal conductivity have an effect mainly on the 
sensitivity of explosives to a heat pulse. On inoreaging the heat 
capacity it is necesaary to expend a greater quantity cf heat in order to 
heat the substance to temperatures at which its ignition 1s rchieved. A 
similar effect 1s ahown by thermal conductivity; the smaller the latter 
becomes, the higher are the local temperatures which can be attained during 
heating of the substance; high thermal conductivity responsible for the 
rapid dispersal of heat through the body, on the other hand, impedes the 
formation or development of foci of ignition. 

4 noticeable effect of the quoted factors was established during the 
investigation of the procasses of ignition and combustion of some mixtures 
containing metallic alloys (Fe = Si, Si = Al). 

In tests on impact sensitivity, heat capacity and thermal conductivity 
show less effect, because to this case the decisive tactor in initiation is 
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the formation of the local processes connected with the occurrence of "hot 
spots". The time necessary for the formation of these foci and the devel- 
opment of reactions in them ie so amall (~ 107 seo) that thermal 
conductivity cannot show any noticeable effect on the general character 
of the phenomenon, 

A large effect on the conditions and development of the prooesses of 
thermal initiation of explosives 1s shown by their volatility. BELYARV 
established that the conditions of ignition of volatile substances are 
determined to a considerable extent by the relationship between the rate 
of the chemical reaction and the rate of their vaporization. 

If the explosion temperature of an explosive is higher than its 
boiling point, then, as BELYAEV. showed, ignition of the substance can 
occur only in the vapours (either in a mixture of vapour and air or with 
the products of the thermal decomposition of the explosive). 

If the explosion temperature is lower than the boiling point of the 
explosive, as, for example, for Hexogen (  fngiy = 340°C, tin =? 
230°C), then the decisive role in the process of spontaneous ignition will 
evidently be played by the reactions occurring in the condensed phase and 
in the intermediate decomposition products. 

In BELYAEV's opinion, the character of the explosion is defined by 
the relationship between the boiling point and the explosion temperature. 
If the boiling point 1s higher than the explosion temperature, then the 
explosion should have a detonating character; for the reverse relationship 
of these temperatures the explosion should occur as a more or leas rapid 
combustion, This point of view, however, is contradloted by many 
experimental data. 
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Noticing the fallibility of BELYAEV's criterion, ANDREEV quite 
correctly points out the following circumstances which are guides in the 
detvus.nation and estimate of th. character of the explosion, 

During thermal initiation of the explosion, ignition of the explosive 
first occurs, followed by a more or leas brief period of its violent 
combustion. If the combustion is unstable, then the explosion can be 
completed in the detonating form, as occurs in nitro-glyoerine. A criterion 
of the instability of the process 1s the excess of gas supply (due to the 
reaction) over gas exhaust. In this case a rapid auto-acceleration ooours 
of the combustion which under favourable conditions (sufficient weight etc) 
changes in the end to detonation. 

During a study of ignition processea ANDREEV found that for some 
explosives (Trotyl, ploric acid, xylol) during rapid heating explosion 
does not occur but there is a flameless decomposition if the temperature 
of heating is higher than a certain limit. In ANDREEV's opinion, this 
phenomenon is explained by the hypothesis that on rapid heating of the 
substance until the boiling point is attained thu concentration of decom- 
position products of the condensed phases, which play an essential role in 
the processes of spontaneous ignition, is small, The vapours of the 
explosive which possess a considerably higher temperature of spontaneous 
ignition than the boiling point decompose without an explosion; however, 
if the heating temperature exceeds the temperature of spontaneous ignition 
of the vapours, then explosion occurs, A known oonfirmation of this 
explanation is the fact that, for example, Tetryl does not have an upper 
limit. The boiling point of Tetryl (310°C) 18 considerably higher than 


its explosion temperature (195°C) because its spontaneous ignition ocours 
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before it vaporizes. 

Volatility which plays an essential role in the processes of thermal 
initiation of an explosion can, however, have practically no effect on the 
impact sensitivity of explosivaa and less so on their tendency to deton- 
ation under the influence of an initiator, because the heatings and 
initLation of explosion in these cases are aciieved under conditions of 
very high pressures at which vaporization ia completely or almost entirely 
suppressed. 

The dependence of the sensitivity of explosives on the state of 
aggregation has quite a general character; during the change of the 
substance from the solid ste._ to the liquid state, its sensitivity, as a 
rule, increases which explains the higher temperature and the greater 
content of internal energy in the substance in the liquid state, the 
excess corresponding to the latent heat of fusion, Under the conditions 
of thermal initiation, the quoted variation is determined by the fact that 
in the liguid state the substanoe possesses a greater vapour prasaure and 
therefore ignites more readily. 

Thus, for example, it has been established thet in the liquid state 
nitro-glycerine is noticeably more sensitive than solid frozen nitro- 
glycerine, provided this does not contain spacea in the rorm of liquid 
nitro-glyoerine drops. 

However, in some cases the possibility is not excluded of increasing 
the sensitivity on transfer of the substance from the liquid state to the 
aolid due to the formation of crystalline modifications of lower stability. 
4n example of such a transfer 1s the labile form of solid nitro-glycerine 


characterized by increased sensitivity to external influences. 


78 


4s regards the effects of structure, density and the magnitude of the 
crystals, it must be shown first of all that these factors have an effect 
mainiy and most markedly on the susceptibility of explosives to detonation 
and to a lesser degree show an influence on their impact sensitivity. 

This 1a explained by the fact that the limiting initiating charge, 
which is a measure of the susceptibility of explosives to detonation, 
should as an initiator.of explosion not only cause the detonating process 
but also its subsequent propagation through the charge. Thia indicates 
mainly that within the limits of the charge under teat a normal rate of 
detonation should be attained. 

The readiness with which an explosive reaction is stimuleted depends 
mainly on the structure of the substance whilat the conditions of transfer 
of the stimulating proceas to normal detonation and its subsequent steady 
propagation through the oharge depend essentially on the physical 
properties of the explosive charge by means of which this process is 
propagated, 

In determining impaot sensitivity on an impact machine the mechanical 
impulse ia transmitted to an extremely thin layer of explosive, the isolated 
localised volumes of which serve as centres for the excitation of an 
intense chemical reaction, which, generally speaking, could lead either to 
the development of normal detonation or to the extinguishment of the 
explosion. 

However, the layer of explosive in the given oase is so small that 
the physical properties which influence essentially the character of the 
propagation of the process through the charge cannot be of great significance 
under the conditions being considered, 
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In Fiz. 18 two possible types of development of the process are 
Liustrated for the effact of an 
‘initiating impuls.. 

Curve I gives the development of 
normal detonation; Curve II the 

_ extinguiehed explosion. The length J 
ie the thickness of the layer of explosive 


in the plunger device, the length {, is 
the portion after which the explosion dies 


away sharply. 
Fig. 18. Change in From the diagram it ia evident that, 
explogion rate in the 
charge of initiating within the limits of the charge in the 
explosive. 


device, the rate of the process cannot 
attain one of ita limiting values. 

The statement made concerning the preferential influence of the 
physical factora given above on the tendenoy of explosives to detonation 
4s confirmed experimentally. 

Data on the influence of the physical structure are especially 
significant in this respect. We will demonstrate this by the following 
examples. 

a) dn explosive in 4 gelatineous state has a very much worse 
susceptibility to detonation than the same explosive in a non-gelatineous 
state, which is easily established by a comparison of pyroxylin and pyro- 
xylin powders. 

Pyroxylin powders, as is well-imowm, differ from pure pyroxylin in 
their structure and content of "additives" (residual solvent, stabilizer, 
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moisture). Pyroxylin powders, es a rule, possess a very high impact 
sensitivity, yielding little in this respeot to pure pyroxylin, which to 
a considerable extent could be referred to the effect of the "additives" 
mentioned above. 

Thue, the pyroxylin powder for rifles under standard test conditions 
gives 80% explosions, 1.e. it is more sensitive than Hexogen, in spite of 
the fact that 14t contains about 3.5% inert additives. 

At the same time pyroxylin powder, in contrast to pyroxylin itself, 
possesses an extremely low susceptibility to detonation. It does not 
detonate in capsule-detonator No. &, We note that pure pyroxylin in the 
compressed state detonates readily in a capsule with 0.3 g of mercury 
fulminate, 

v) In the compressed state explosives possess a considerably greater 
tendenoy to detonation than in the molten state, even for the ssme density 
(Trotyl, plerio acid, etc.). 

o) Molten mixtures of some nitro-compounds, for example, a molten 
eutectic comprising 95% Trotyl and 5% xylyl, possess considerably greater 
susceptibility to detonation than either of these explosives separately. 

With respect to its impact senaltivity thie melt does not differ 
notLoeably from Trotyl. 

The molten euteotic of Trotyl and xylyl differs from molten Trotyl 
in possessing a considerably finer crystalline structure. This leada to a 
considerable increase in the initiation zone of the number of active 
centres, the reaction rate and the evolution of energy during the develop- 
ment of a normal detonating process. 

LEYTMAN succeeded under special cooling conditions in obtaining the 
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same eutectic melt with a considerably coarser crystallinua structure, which 
did not possess ary advantage over molten Trotyl with regard to suscepti- 
bility to detonation. 

LEYTMAN's investigations also showed that many explosives (Trotyl, 
uylyl, Hexogen, eto.), obtained in the finely divided atate by precipitating 
them from solution, possess a greatly imoreased susceptibility to 
detonation in comparison to the sama explosives with a normal quantity of 
crystals, 

The effeot of the degree of dispersion of the oryatala of explosives 
on the susceptibility to detonation is characterized by the following data 
in Table 18, according to LEYIMAN. 

The information enoountered in the literature concerning the effect 
of orystal alze on the impact sensitivity of explosives ia extremely 
contradiotory. Analyaia of the data available shows all the same that 
crystal eize influences mainly initiating explosives which possess high 
sensitivity to mechanical aotiona. 

It was noted that coarse crystals of some azides sometimes explode 
on lightly touching, fracture of the crystal, eto., which, in the opinion 
of some investigators, is explained, strictly, not by the dimonsions of © 
the crystals but by the alterations in the orystal structure due to the 
conditions of orystallieation. 

In the places where such alterations ocour, the energy of the orystal 
lattice can be considerably greater than normal. 

Wollst testing a large number of aromatio nitrocompounds, LEYTMAN did 
not succeed in a single case in detecting a noticeable change in their 
impact sensitivity on transfer from normal crystals to finely divided 
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able 18 


Th eot of the d of ion 
on_ the tendency to _detonation. 


Minimum charge of lead aside, g | 


See egg ee | LOL pu 
Haze of explosive pannieg spent obtained by 


precipitation 
200 bese fhe fron a solution 
An we ter 
frinitroxylene .... 0.44 0,08 
Trinitrobensene . . . . 0.19 0,06 
Trinitrotoluene .. . . 0.10 0.04 | 


particles, the dimensions of which varied within the limits of 1 to 4 u. 
It 1s accepted that with inorease in the density of an explosive, 
its sensitivity decreases. This factor actually shows a marked effect 
on the susceptibility of the explosive to detonation and has an especially 
marked influence in this respeot on the behaviour of ammonites, chloratites 
and certain other explosives, On increase in the density of the latter 
- above a know limit their susceptibility to detonation deoreasea sharply. 
The effect of the denaity of explosivee on the susceptibility to 
detonation can be illustrated by the following data (Table 19). 
At the same time it was established that the density of charges shows 
essentially less effect on their impact sensitivity than on their 
susceptibility to detonation. 
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Table 19. 


The effect of density of a cheddite charge 
ity to detonation 


| Density, g/on? 0,66 | 0.88 | | 139 | 148° 


Minimus initiating charge of 
fulnina’ 


1,20 | 1,30 
te, Beene 04] 03 |] 0.75) 15 


Some initiating explosives (mercury fulminate, diazodinitrophenol, 
trinitrotriasidobenzene, eto.) on inorease in density above a certain 
limit under practical oonditione of application (capsule-detonators) lose. 
the ability to detonate under the influence of a heat pulse; the decom 
position of these substances under pressing acquires the character of a 
more or lesa rapid combustion. This phenomenon mown by the name "dead 
pressing" vas quite thoroughly investigated by AVANESOV and FEOKTISTOVA 
and also by ANDREEV. During thermal initiation of explosion of the majority 
of explosives, detonation ia always preceded by a period of violent 
combustion. The change from combustion to a detonating form of explosion 
is aohteved under definite oritioal conditions in the sense of pressure 
and auto-acceleration of the reaotion. 

It was established by the above mentioned investigators that the 
phenomenon of "dead pressing" does not characterize any special state of 
the substance in which it loses ite detonating ability, but it means that 
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The effect _of density of a cheddite charge 
on the susceptibility to detonation, 


Density, g/on? 0,86 1,46 
Nifiimus initiating charge of 
neroury fulainate, g......-. 20 | 30 


Some initiating explosives (mercury fulminate, diagodinitrophenol, 
trinitrotriazidobensene, etc.) on inorease in density above a certain 
limit under praotioal conditions of application (capsulé-detonators) lose 
the ability to detonate under the influence of a heat pulse; the decom 
position of these substances under pressing acquires the character of a 
more or less rapid combustion, This phenomenon known by the name "dead 
pressing" was quite thoroughly investigeted by AVANESOV and FEOKTISTOVA 
and also by ANDREEV. During thermal initiation of explosion of the majority 
of explosives, detonation is always preceded by a period of violent 
combustion. The change from combustion to a detonating form of explosion 
ia achieved under definite oritical conditions in the sense of pressure 
and auto-acoeleration of the reaction, 

It was established by the above mentioned investigators that the 
phenomenon of "dead pressing" does not oharaoterize any special state of 
the substanoe in which 1t loses its detonating ability, but it means that 
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the acceleration of aombustion proceeds slowly because the change from 
combustion to detonation cannot be achieved .ithin the limits of a small 
oharge. 

The slowing-up of the acceleration process of combustion in its turn 
ia determined by the decrease in the porosity of the charge at inoreased 
densities. Aacording to the data of AVANESOV and FEOKTISTOVA in any 
"pressed" charge it ia possible to produce a change from combustion to 
detonation, if the strength of the case and the degree of hermetic sealing 
of the charge are inoreased correspondingly. 

The sensitivity of explosives can change sharply ca the introcuction 
of inert additives into the charge. The influence of the latter 1s felt 
mainly on the sensitivity of explosives to mechanical actions. Different 
‘Icinds of additives do not show the same effect on the sensitivity of 
explosives; in soma cases the sensitivity increases and in others 
decreases. 

Additives capable of increasing the sensitivity of explosives are 
oalled gensitizerg and additives which decrease the sensitivity of 
explosives are called phlegnstizers. 

Good sensitizers, as a rule, are substances which possess great hard- 
ness, sharp edges and high melting-point, as, for example, powdered glass, 
sand, particles of certain metals, etc, They provide concentrations of 
impact energy on the sharp edges, they are fool of intense friction and 
they lead to the formation in the charge of numerous centres of local 
heating capable of causing explosion in it. RIDEAL and ROBERTSON's 
experiments showed that in the presence of sensitizers the period of time 

« from the moment of impact to explosion ia sharply curtailed; thus 
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for pure PEIN + ™ 240 micro seo; but in the presence of 18% quartz 
it ia only 80 micro sec. 

COPP and UBBELOHDE on the basis of thelr experiments with various high 
explosivea note that if the hardness of the added substances is more than 4 
on the Mohs soala, then the sensitivity of explosives increases with 
increase in the percentage concentration of the additives. 

BOWDEN and GURTON, on the other hand, consider that the melting point 
of the additive particles, not their hardness, givea the deolsaive effect 
on the sensitivity of explosives to mechanical actions, The results of the 
corresponding tests carried oub by scesy ancuore fos Sue ave givoa ia 


Table 20. 


Frequency of 
‘ite ee 


Hardness 
Additive 


tt otion wring | dus tepact 


Pure PETT 2... ee 18 141 0 2 
Silver nitrate 2... Quad 212 0 2 
Potassium acetate... ...2.. 1—15 324 0 0 
Potansium dichrozate sae 2—3 398 0 Q 
| Silver bromide .. 1... 2—3 434 50 6 
Lend chloride 2... ee ees 2—3 601 60 27 
rn 34 660 100 30 

' Bienuthsie “(litg04) bee ee ee 2—2.5 685 100 42 
Pr rae re er er 7 800 100 100 

Rook 6 rr - 225 804 0 
Gopper glanne. 2... ees 25—2.7 i100 100 50 
Caloite se. ee es 3 1339 100 43 
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Analogous results were obtained for Hexogen. 

On the basis of analysis of the experimental data, the authors 
arrived at the following conclusions. 

1. Sensitizing properties only occur in additives (independently of 
their hardness) the melting points of which are higher than the critical 
temperature necessary to excite explosion of the given explosive at the 
"hot spots". 

Por such sensitizers with respect to PETN and Hexogen, only additives 
with melting points higher than 430-450°C are used. 

2. Hard particles of additives increase the sensitivity of explosives 
to a greater degree than soft particles under conditions such that their 
melting poini ig higher than the corresponding critical valis for the 
given explosive. 

From Table 20 it 1s evident that of all the substances tested, glass 
posseasing the greatest hardness waa also the best sensitizer under the 
test conditions of PEIN for impact sensitivity. 

The best phlegmatizing properties are possessed by such substances 
as, for example, paraffin, wax, vaseline, camphor, eto, By covering the 
crystal surfaces by a soft elastic film they permit a more uniform 
distribution of atresses in the oharge and a deorease in the friotion 
between the separate particles which leads to an essential restriction of 
the surface reactions and of the probability of "hot spots" occurring. 

The character of the influence of inert additives on the sensitivity 
depends to a considerable extent on the relationship between the physical- 
mechanical properties (particularly, the hardness) of the explosive itself 
and these additives, Thus FROLOV and BAUM's experimenta showed that talo, 
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Table 21 


The effect of talc on tha impagt sensitivity of Trotyl and Hexogen, 


% explosions 


Tal “gent , 


Trotyl Kexogen 


which is a phlegmatizer with respect to Hexogen, is at the same tine 
quite an active sensitizer with respeot to Trotyl (Table 21). 

We note that talc ooouples a 
central place on the hardness 
scale between Trotyl and Hexogen. 


HOLEVO shows that the effeot 


Y7 | 
Vy 
La Ve 
of inert additions is determined Po 
not only by their physical proper~ 
ties but depends essentially on 

Fig. 19. HOLEVO's plunger 
the conditions of deformation of devioe. 
the charge on impact. He confirms this by the following experiments. The 
impaot sensitivity of explosives is determined both in normal devices and 
in HOLEVO's device illustrated in Mg. 19. In devices of this 


construction, the charge on impact can be squeezed more or less easily into 
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the groove whilst in normal devices it can only flow partially into the 
clearance between the cylinders and the sleeve. 

Test results showed that in certain ouses whilst using standard 
devices the addition of paraffin leada to a noticeable Inorease in the 
sensitivity of explosives, whilst aluminium powder and aluminium oxide 
possessing extremely high hardness or silica behave like phlegmatizers. 
Thus, for example, a mixture of Hexogen and aluminiun powder, in a 1:1 
proportion, for an impact energy of 3 kgm gives some failures in standard 
devices, whilst in HOLEVO's devices under the same conditions 4t gives 100% 
explosions, i.e. it is even more sensitive than pure Eoxogen. Vea the 
addition of 10% paraffin to this mixture for the same impact energy in 
standard devices, 80% explosions were obtained and in HOLEVO's devicss 40% 
explosions. 

HOLEVO notices that in *he prasence of paraffin the senaitivity 
increases only when the charge without paraffin-deforms slightly and does 
not extrude into the clearance of a standard device; in the presence of 
paraffin this form of deformation does not increase notlcaably. 

The sensitizing actions of hard additives, ih HOLEVO's opinion, 
clearly only appear when conditions are favourable for the rapid flow 
(extrusion) of the charge in the device. In this case in the charge, as 
a rule, more favourable conditions are caused for the creation of local 
volumes of high temperature. 

In conclusion 1t must be noted that, of course, it is not possible 
to consider the process of extrusion of the explosive into the alearance 
or the groove ag the only reason for the ocourrence of an explosion on 


impact, which by the way is confirmed by the results of HOLEVO's own 
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experiments, Thus, in testing a number of high explosives, including such 
highly sensitive ones 2s nitro-glycarine, Tetryl and Hexogen, in devices 
with a groove it was not possible to obtain explosions, In normal devices 
these explosives secured a high percentage of explosions for considerably 
lower energy of impact. 

The reasons for the different soenaitivity of explosive compounds have 
not yet been investigated suffloiently fully. It is sometimes attempted 
to explain these differences by the effeot of thermo-chemigal factorg; 
thus, it is supposed that with deorease in the heat of formation of an 
explosive its senaitivity should increase. 

This law does actually hold within known limits. The majority of 
highly sensitive initiating explosives ara endothermia compounds, whilst 
less sensitive high explosives in a majority of cases are exothermio 
compounds. ° 

However, numerous examples of deviation from the given rule can be 
quoted even for explosives which are olose to one another in their 
chemical nature. Thus, for example, the more endothermic azides of lead 
and mercury are less senaitive to impact than the azides of silver and 
strontiun, 

4 marked lack of correspondence between heat of formation and 
sensitivity also occurs in many ni tro~compounds of the aromatic series, 
which is evident, for example, from Table 22. Trinitropbloroglucinol 
whieh according to its heat of formation should be an extremely stable 
compound is characterized by particularly high impact sensitivity, in 
comparison to the remaining explosives dn this table. 
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Table 22. 
Impact sensitivity of some high explosives, 
( P= 10 kg and = 25 cm) 


Heat of 
formation 


Name of explosive 
keal/aole 


% explosions 


a-ttrinitrotoluol 
trinitroaniline 
trinitrophenol 


trinitrorasorcinol . : : . : 
trinitropblorogluoinol . . 


Thus, it must be concluded that the heat of formation itself cannot 
in any way be a criterion for the oamparative estimate of the sensitivity 
of explosive compounds. 

BERTHELOT supposed that on increase in the heat of explosive decon- 
position or the potential energy of the system the sensitivity of explosives 
dnereases. In practice a number of cages do actually occur where thia rule 
is confirmed (Table 23). 


Table 2 
The variation of impact sensitivity with heat of explosion, 


Heat of iapeot 
Name of explosive explosion gena y 
koal/kg Kygka.n/on® 


Hexogen 
Tetryi 
Piorio aoid 


a) 
? 


Howover, on detailed consideration of the question 1t appears that 
tha given rule does not hold within wider limits. Thus, the heat of 
explosion of Hexogen is more than three times that of mercury fulminate 
but the latter is of very oonsiderably greater sensitivity. We find 
simtler contradictions in comparing a whole series of other explosives. 

The majority of the most widely used explosive compounds (Trotyl, 
ploric acid, Hexogen and others) are in general thermodynamically unstable 
and possess rolatively high stability under normal conditions, which can 
be explained to a certain extent by the kinetic conditions of their 
decomposition at high temperatures. The most fundamental kinetic 
characteristic of a substance is its energy of aotivation E. 

We wiil turn our attention to high values of F and unusually large 
values of the magnitude < fora number of explosives which decompose 
according to the monomoleoular iaw, 


a =R(a— Xx), 
where hmeZe EF 1e the rate constant of the chemical reaction 
(Table Z.). 
Table 24. 


netic constants of bs Losiv 


Explosive 


Nitroglyoerine ee" 0) 


Pyroxylin (155-175 
Tetryl (liquid) 
Piorio acid 


44 


SEMENOV shows that high values of E& make explosives stable at low 
temperatures whilst unusually large values of the pre-exponential factor Z 
makes their violent decomposition possible at higher temperatures. 

The activation energy of an explosive is usually determined from the 
conditions of their thermal decomposition or on the basis of the data 
concerning the variation between the exp) sion temperature and the 
ignition time lag. Starting from this, some investigators consider thet 
the sensitivity of explosives to a heat pulse should be determined above 
all by their activation energies. Howaver, analysis of the data available, 
presented in Table 25, does not confirm this hypothesis. The activation 
anergy was determined on the basia of data concerning exploaion tenper= 
atures. Weight of explosive ia 0.1 2. 


Zable 25. 


Activ: ane mn tem 


of some explosives (according to BAUM). 


Lead aside fw wt et es 
Silver aside . 1 ww wt ee ee 
Bardum agida 2... ew 
Strontium azide. . . 
Trotyl 2... we te et . 
Trinitroaniline .. 1... 145 
Trinitrophenol . 2. ew ee es 
Trinitrophloreglucinol 
Tetryl 2 ww et tee ee le 
Trinitrophenylnitranine 


The series of explosives given in the table is charaotorized by 
quite similar values of £ but they differ essentially with respect to 
explosion temperatures, Trinitrophenylnitramine possesses the highest 
value of activation energy whilst it is one of the most sensitive solid 
explosives towards a heat pulse. 

The sbeenoe of @ regular law between explosion temperature and 
activation energy of explosives is explained above all by the fact that 
the latter is not-a constant magnitude but changes essentially for one and 
the same explosive depending on the temperature and character of the 
chemical reaction, 

Thus, aocording to ANDREEV's investigations, for calcium azide £ 
changes within the limits of 20,000 cal/mole at 70°C and 34,000 cal/mole 
at 135°C. He showed that the reaction produots of CaNg at lower temper- 
atures consist of calcium hydrazide and at higher temperatures of the 
nitride; under explosion conditions decompositior ooours with the 
separation of free metal. 

At temperatures up to 100°C trinitrotriazidobenzens 1s decomposed 
according to the equation 


Cy (Naa (NOq), —> C, (NO), +3N2, 


i.e. the reaction leads to the formation of hexanitrobenzene, which is 
itself an explosive compound; at higher temperatures complete decoz:3- 
sition of the benzene nucleus oan occur. 

The energy characteristics considered by us so far - heats of 
formation and explosion, activation energy - are magnitudes 
characterizing the overall properties of the molecules of the explosive 
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compounds. They do not characterize directly the energy level of the 
separate intermolecular bonds or the atomle complexes which can have a. 
decisive effect on the atrength of the whole elementary atructure. 

The different bonds occurring in molecules are not of equal value 
either with respect to their own strength or with respect to their effeot 
on the stability of the molecular structure asa whole. 


Thus, for example, in Tetryl the least stable bond is that which 
Cit, 


connects the carbon atom in the nucleus with the complex —N ¢ . 
NO; 


However the separation of this complex during the time of reaction does 

not produce destruction of the basic benzene nucleus, Just as: the 

separation of the NO2 group in pyroxylin still does not nean the destruction 
of the basic carbon chain of the molecule, 

All the same, the structure of the molecule van be radically destroyed 
as scon as the bond between the basic carbon atoms in some part of the 
benzene nucleus or the carbon skeleton df the molecule is broken. ‘This 
scission will ocour at the place of the weakest bond. 

Therefore, in estimating the sensitivity of explosives it is 
necessary to consider the peculiarities of their molecular structure and 
the bonds upon which the stability of the moleoule ag a whole depends. 

The question of the connection between the sensitivity of explosives 
and their structure 1s dealt with in only a few research works, in 
particular, the work carried out by BAUM and BAGAL in 1945-1947. 

The nature of this connection has been very clearly established for 
dnorganio azides. 

The results of X-ray and eleotron examinations showed that many 
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inorganic azides possess an ionic orystal lattice, because the chemical 
bond between the nitrogen and the corresponding metals in them, as a rule, 
is heteropolar. 

Because of this it is possible to cousider that the stability of the 
elementary structure and consequently the stability of these azides should 
to a considerable extent depend on the energy JU of the crystal lattica, 
determined by the force of electrostatic attraction between the corres- 
ponding ions (N,” and M"), The greater the energy of the orystal lattice, 
then the more stable is the given azide and the smaller ita sensitivity 
should be under the conditions of detonating decomposition. The results 
of our experiments on the determination of impact sensitivity confirm this 
hypothesis (Table 26). 

Zable 26. 
Impact sensitivity of certain aides, 


Teat Upper + 
ty of conditions | oe tenaitivity 
the prgtuot, weight |dianeter| dro 
| of load, } of face, | height 
yg | m=, 
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The azides given here possess a more or less clearly expressed 
heteropolar itructure. Estimates made using BORN's oyole showsd that in 
a number of azides of divalent metals, compared with PbN,, the lattice 
energy for CdNg is 57 kcal less, for CaNg it is 138 kcal les. and for 
BaNg it is 150 keal less; for a number of azides of monovalent metals, 
compared with HeN3, the lattice energy for CuN; is 24 keal less, and for 
AgN3 it 1s 66 koal less. As would be éxpected, the sensitivity of the 
corresponding azides increases in the same order. 

Gold azide du(5), is of great theoretical interest. The formation 
of the Jon aut tt requires the separation of two electrons from the stable 
closed shell q'° , which is connected with great expenditure of energy 
and makes the ionio structure of gold azide unfavourable from the energy’ 
point of view. This circumstance leads to the formation of an extremely 
unstable covalent bond 4u-N, which corresponds to the probable structure 

~Au—NeN= N. 

Because of this, gold azide showld be a berely-steble and very. 
sensitive explosive. Thus, ite explosion temperature equals 75°C for a 
delay tims of 2 seo; it explodes under very insignificant mechanical 
actions, CuNg behaves similarly. 

BOWDEN in bis researches reached agreement with the hypotheses 
developed by us concerning the sensitivity of azides. 
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It was established earlier that the mechanism of explosion initiation 
under the influence of a heat pulse, impact and friction 1s connected with 
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the processes of thermal decomposition of axplosives, Thase processes 
also play an extremely important role in phenomena connected with thu 
chemical stability of explosives. 

The decomposition processes of explosives obey the general laws of 
chemical kinetics and according to them their flow rate depends very 
greatly on temperature. 

In certain cases, using the laws of chemical kinetios, it is possible 
to calevlate more or less accurately the time during whioh, for a given 
temperature and reaction rate constant, a definite portion of the 
explosive decompuses. 

The basio law of chemical kinetics 1s the law of mass action, 
according to which the reaction rate at a given moment is proportional to 
the product of the concentrations of tho reactants at that moment of time. 

For monomolecular reactions when only one form of moleoule undergoes 
tranaformation and the stoichiometric coefficient in the reaction equation 
equals unity, i.e. for reaotions of the type 4B - A+B, the law of 


mass action gives 
axe 
v= Gi = h(a—4), (12.1) 


where 4 is the rate of the chamical reaction; a is the initial 

concentration of the substance; +x ia the quantity of the substance 

decomposed at a given moment of time : and & is the reaction mte 

constant showing what part of the substance reacts per unit tine. 
Integrating equation (12.1), we obtain 


@ : 
4. 
f Ayn fea 
Q 0 
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whence 


In = —Ai or A—x% = ae-K, (12,2) 


<—* 
Graphically, this variation is expressed in the form of a ourve (Fig, 20). 
From (12.2) and the diagram it follows. that the concentration and, 
consequently, the reaction rate Cecreases continuously with time. 
The characteristio of thermal stability of the substance is usually 
taken to be the time + during which a definite portion of the substance 


reacts. It isa evident that 
1 _ 100 
t= 3 Inge (12.3) 


where + is expressed:-as a percentage. 
SAPOZHNIKOV, ROBERTSON and other investigators estab’ lehod thet this 
law, in partioular, is obtained with stable cellulose nitrates in the first 


Or a's ¢ 5 6 7 6 8 0 W,s00 


Fig, 20. The variation of reaction rate with time. 


period of their heating in a stream of carbon dioxide carrying the products 


of decomposition. The magnitude of the constant depends on the cconcen- 
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tration of nitrogen in the cellulose nitrate. The varlation of the 
reaction rate constant (in 

relative units) with the concen- 

tration of nitrogen in the cellulose o_—___[ ji [1 I [| 
nitrates according to KLIMENKO is 


shown in Fig, 21, From the diagram ; 
it follows that the larger the a 

B y 0 ou fe 
concentration of nitregen in the Quantity of nitrogen, % 


cellulose nitrate, then the higher 


is ita decomposition rate at the Fig, 2). The variation of the 
reaction rate constant with the 

given temperature. nitrogen concentration in cellulose 
nitrates. 


The thermal decomposition of 
some explosives under given conditions possesses an auto-catalytio 
character which is more or less clearly expressed. Auto-catalytio 
decomposition at high temperatures is charscteristic of cellulose nitrates. 
Thermal, decompoaition of liquid Trotyl (at temperatures of the order of 
300°C and above) and some other explosives (for examplu, Tetryl, ammonium 
nitrate) ia also accompanied by auto-catalytic phenomena, 

The role of autocatalysts, acoalerating the processes: of explosive 
decomposition, is assumed mainly by the intermediate reaction products, in 
particular, soma radicals and oxides of nitrogen recovered during the 
course of the reaction. Thus, during the thermal decomposition of cellulose 
nitrates, about 40% of all the oxides of nitrogen produced separate in the 
form of N04. It oxidizes the cellulose nitrate and is reduced to NO. If 
the decomposition occurs in the presence of the oxygen in the air, then NO 
ia again oxidized to NOs, ete. 
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The role of positive catalysts of the reaction can also be fulfilled 
by certain additions to tha explosive, for example, traces of free acids, 
fine particles of metals (Pt, Ni, Ag, Fe, etc.) and oxides of metals 
(e203, 1203, MnO, etc.) and, in some cases, traces of motature. 

It is characteristic of auto-catalytic reactions that the inorease in 
rate 1a progressive as the decomposition products acawmulate up to a 
definite limit (mascimum) after which the rate begins to decrease, which is 
connected with a considerable decrease in the concentration of the initial 
substances. A very small rate is characteristic of the initial stage of 
the auto-catalytic reactiona. In this stage (induction period) an 
acoumulation of the active intermediate product occurs. 

The kdnetio equations for autp~oatalytic reactions are in general 
quite complicated. For an auto-catalytio homogensous reaction of the firat 
order tne ikcinetio equation has the form 


a am hy (A — x), 


where +* is the concentration of the catalysing product. 
Integration of this equation gives 


ak 
In => = hat, (12.4) 


which corresponds to @ curve with a maximum at 
a 
x= v 
It ia not always possible to desoribe the character of the thermal. 


decomposition cf explosives by a kinetic equation of one type. In 
particular, according to ANDREEV's investigations, confirmed by BAUM's 
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data, the tecermmal decomposition of the a..des of caleiua end barien durang 
the auto-ecceleration of the reaction co: cscnonds to the zo-calizd topo- 


chomical trpos of Civsloprant of roaction ones from the i. tial centres 

of ch.tishesh roucMong Dorned in the inemo.dena poried. ‘tne final stage of 

decorpesition oF vicse substances strictl, obeys the monsiolvcular lay, 
Wuen the initial number of nuclei is constant, the rate of the topo- 


chemical reaction 


or x=(5) x (12.5) 


i.e. tho concentration of the decomposing suastance shculd be proporticnal 
to tha cuve of the time + . 

Tho expression (12.5) requires a linear relationship between log x. 
(or los p , wiere p is the pressure of the decomposition products) 
and log «+ . The results obtained by BAUM for the period of auto= 
acceleration of the decomposition reaction of Balg (Fig. 22) show that 
this condition holds only up to a 
kmown linit. Later there occurs a 


ios7 ° Z 
’ « Le i 7 
clearly expressed inc: .c2 in tas ! of 
. . oo 20- f 
growch of log p 9 cS pon. 2 38 
. ow, 
« « Tais is easily cxplains.. if / 
| 
. : ene oe LOr 
it is sunposed that new init:.:’. 
centres of rcaction form and cuvclop, 
which sccz.; toro likely than tzo% she 0 05 86 09 12 iog + 
number o: ..itiel centres remain un- 
co... 3d © - the whole courge of ths Tie. 22. Decorzosition of 


barium acide at 155°C. 
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reaction. 

The period of auto-aceceleration of the thermal decomposition of some 
explosives, according to SFMENOV, proceeds according to a chain mechanism 
thanks to the regeneration during the reaction of active intermediate 
products of decomposition. It was shown that the processes of ignition 
and combustion of many gasectis systems do indeed proceed according to this 
“mechanism (gee Chapter X). 

In the opinion of some investigators, the development of chain 
reactions can also oceur during the thermal decomposition ‘of condensed 


ee ae 
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explosives. Thus, according to APIN, the pre-explosion rate increase of 
the thermal decomposition of lead azide proceeds accovding to a chain 
mechaniam. The rate of the process is expressed by the relation 
whilst tad “ 

g aCe aD, 
where 7 is the temperature and E dis the activation energy. 

GRAY and YOFFE on the basis of the results of their experiments came 
to the conclusion thet the thermal decomposition of methylnitrate and 
ethylnitrate, preceding their isnition and explosion, ocours according to 
a thermal-chein mechanism and proceeds in the vapour phase. In the given 
ease the acceleration of the reaction is mctially connected with self- 
heating, due to the formation of rapidly b::anching «.-izs during the course 
of the reaction (see chapter x). 

According to PHILLIPS, the first stege in the decomposition of 
alkylnitrates 1s connected with the formation of a free radical and of 


nitrogen peroxide and ig assumed to cocur according to the following 


Loy 


mechaniem; 


RCH,ONO, 3 RCH,O + NO,, 
RCH,O + RCH,ONO, —» RCH,OH + RCHONO,, 
RCHONO, — RCHO +-NO,. 


Later oxidizing-reducing reactions follow between these products with the 
formation of such gases as NO, CO, ete. 

Temperature has an exceptionally large influence on the rate of 
chemical reactions. Because change in temperature has a comparativels 
small effect on concentration, then in the chemical kinetic equation 

y= kC;Cy... (where Ci, Cora are the corresponding con= 
santrations) we attest =? temperature on reaction rate practically reduces 
to its effect on the rate con:tant & 

For an approximate estimate of the effect of temperature on reaction 
rate in a comparatively small temperature range, it 1a possible to use 
the temperature rate coefficlent Rrsio/ hy » giving the magnitude 
of the rate constant on inoreasing the temperature by 10°, 

Experimental data show that on increasing the temperature by 10° the 
reaction rate for typical explosives increases 2-4 times. This means that 
on incregsing the temperature by 100° the rates of the chemical reactions 
inerease by gl - 420 times, The data given above coavs to be true for 
temperatures approaching the explosion temporature, 

According to ROBERTSON, the decomposition rate of nitroglycerine (on 
heating 1t in a stream of carbon dioxide) changes with increase in 
temperature as given in Table 27 (the average value of the temperature 


coefficient is 4.0). 
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ruble 27. 
The decomposition of nitroglycerine at varlous temporatures. 


Quantity of Penporcsure acef. 

nitrogen avolved; fio: + of 
in 2g reaction rate 

{after 15 min) | (by 10° steps) 


Tenperatura, °C 


0,010 
0,044 4 
0,20 4. 
0,74 3. 
2,72 a. 
4.87 3 


For the same temperatures the decomposition rate of various explosives 
is different. Thus, the decomposition rate of nitroglycerine ia approxt~ 
mately 10 times higher than that of pyroxylin, but the decomposition rate 
of Trotyl in ite turn ia many times less than the decomposition rate of 
pyroxylin . 

A serles of data characterlaing the thermal stability of aome 
explosives is given in Tables 28-30. 

The variation of reaction rate with temperature is determined fron 
ARRHENIUSts equation 


Rf 
=a Ze RP 
k=aZe *%, (12.6) 


According to ARRHENIUS, by no means all the moleoules can take part 
in the reaction, but only the active molecules with energy exceeding some 
magnitude £& characteristic for the given reaction. The magnitude £ 
is known ae the energy of activation, The factor e 7"? characterizes 


the relative number of active molevules,. 
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For bimolecular reactions the magnitude Z is proportional to the 
number of collisions per second. For monomolecular reactions Z isa 
constant proportional to the probability of decomposition of the molecules, 
It must be noted that the factor Z 
is a constant magnitude only to a 
first approximation. In fact the tot 
magnitude Z does vary slightly 
with temperature. 

The estimation of the vaiues ” 


f 
? 
E and Z are carried out 
analytically or graphically based 
on the investigations of reaction Bigs.23. The variation of the 
reaction rate conatant with 


rates at various temperatures, temperature. 

The graphical conneotion between In & and the reoiprocal of the 
temperature 1a expressed by a straight line (Mg. 23). The tangent of the 
angle between this line and the abscissa azis is determined by the magnitude 
+ , and the intercept on the ordinate axis gives in Z . By this 
means the values ££ and Z- may be determined for many reactions of the 
thermal decomposition of explosives following a monomolecular law. ) 

For the determination of the activation energy & , as has already 
been stated, date are frequently used concerning the ignition time lags, 


atarting from the relationship 
int=ine+- pa. 


Using thie method BAUM found that the decomposition process of azides 


at temperatures corresponding to explosion conditions is characterized by 
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two extremely differant stages of development which have ea definite 
temperature boundary. For each of these stages, as can be seen from Fig, 
24, the variation between in + and - hag a linear character. If we 
stert from the lower straight lines which determines the decomposition 
process at highor temperatures, then for the activation energy E& of 


the corresponding azides we obtain the following values: 


~ 
o 
4 


AgN, | Ban, 


Formula of azide: BN, 
E, onl/nole ...., 26 00u 23 400 13500 | 10500 
; 330—350 | 230-250 °} 310—320 270 | 


| Temperature range, °C 


If we start from the upper straight lines corresponding to lower 
temperatures, then.we find that the activation energy of Pbilg equals 
51,C00 cal/mole and that of SrNg equala 33,500 cal/mole, According to 


ay 
<j 
%, 
b 


i a ae 


Efe, 24. The variation of the ignition time lag with temperature for 
some azides, 
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APIN's data, the activation energy of lead azide equals 50,000 - 55,000 
cal/mole which agrees with the results given above. 

The variation of activation energy with temperature occurs not only 
for azides but also for-other explosives, which is, of course, explained 
by the change in character of the course of the decom:osition reaction vith 
temperature, Thug, it has been established by SAPOZHNIKOV that the 
composition of the decomposition products of pyroxylin changes with change 
in the temperature of the reaction, The change in the kinetic constants 
for nitroglycerine and pyroxylin is given in Table 28 from the data of 
ROGINSKT and other authors. 


The kinetie constants of e and prroxylin, 


1 
Energy of: 
Substance | Temperature otivetdon: log Z 
| range, oal/nole 


beeen ae 90—125 . 180 
Pid tint 23:5 


Cr 21.0 
24.0 


155 
Ho 155—175 


The values of E andilog Z for some explosives, obtained whilst 
investigating the kinetics of slow thermal decomposition, are given in 
Table 29. 

In racent years ROBERTSON investigated the thermal decomposition of 


a number of high explosives at temperatures close to the explosion 
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Table 29. 
Kinetic constants for some explosives 


Kame of explosive logZ 


2, 
- cal/mole 


Trotyl 5 2... ee 
Piorle acid toes 
‘Meroury fulminate. ... . 


temparaturea and established the nature of the decomposition and Icinetia 
constants for them (Table 30). 


tion On: t oat 


Reaction rate, 
constant & , 


1 
Name of explosive Temperature 
1 


Tange, 


1919-9 g=41000/RT 
1013+) g CORT 
1048 =A000/RT 
10274 p-S080/RT 
1015-4 9~sud0o/AT 


Ethylenediamino. .... . 230—357 
Ammonium nitrate... . .} 243—~361 


ee ee 


Knowing the reaction rate constant, it is poss-ble to caloulate the 
time duving which a definite portion of the substanca decomposes at a 
given temperature, Ag an example we will consider the decomposition period 
of 1% nitroglycerine at a temperature of 90°C, Using the data of Table 28, 


Me 


wo find that 


he == 108g" 103-1.008 — 2.98. 107% see-t, 


0.01 0.01 im . 
Tig = >) => Das s1o7e 4? ’ 108 seo m5 days. 


COPP and UBBELOHDE used this method for estimating the temperature of 

short-lived localised fooi of explosion ("hot spots"), arising under 
-gonditions of impaot and friction, extrapolating tha calowlation beyond. 
the temperature limits at which the kinetic charaoteristios ( F and Zz ) 
of the corresponding explosives had been determined. 

Some results of the calculations for PEIN showing the portion a of 
decomposed exploeive for various intervals of time and various temperatures 
are given in Tale 31. 

fable 31. 
he it 


Portion of decomposed PETH (4) 


Temperature, 
°¢ 1 167" gan am8-1074 pao | +m 1075 gag 


Because the centres of heating continue to exist for 107* to 1675 seo, 
then in order to complete the reaction in them temperatures of the order 
430 = 480°C are necessary, which agrees well with the values found 
experimentally by BOWDEN and GURTON. We note, however, that suoh extra= 
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polationa, especially for very high temperatures, are not sufficiently 
reliable. 

In kinetic calculations it can also be taken into accownt that for a 
number of explosives thermal decomposition 1s only one of the camponent 
elements of the complicated process of decompo. ‘tion. Thus, under the 
conditions of storage of powders and cellulose nitrates, the process of 
hydrolytic decomposition must be considered to no Jess an extent than the 
process of purely thermal deéomposition. 
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Chapter TIT T No. 1488c. 


h, iY +t explosl 


813. General data, 


In appraising explogives as sources of energy it is first necessary 
to know the quantity of energy evolved by unit mass in the process of 
transformation, the volume and composition of the transformation products 
and their temperature. The hydrodynamic theory of detonation and the 
combustion theory, too, cannot be developed without a knowledge of these 
characteristios. 

Explosion processes are chemical processes. 

From elementary thermodynamius it follows that the ohange in internal 
energy of the system 


sbE=g— A,. (13.1) 
where ¢ ia the heat evolved or absorbed by the system, A Jecthe wark. 
dene by the system. 

It is proved in hydrodynamics that 
& 
An [ode (13.2) 
Thus it ig possible to establish the cannectiv: sween the thermal 
effect of the reaotion and the change in internal . ~.gy or heat content :/ 
from basio principles. The thermal effect is the namo usually given to 
the quantity of heat evolved or absorbed during a reaction, This quantity 
of heat ususlly re“ers to 1 g mol or i kg of the substance. 


”” 
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In chemistry it is usually acoepted that the thermal effects of ex- 
thermle reactiona are positive and of endothermic are negative. On the 
other hand, in using a sign system in thermodynamios, positive values are 
assumed for the absorbed heat 7 and negative values for evolved heat. 
To reconcile the two sign systems it 1s appropriate to denote the thermal 
effects by another letter, for example Q . It is obvious thet Q=—g. 


For processes ocourring at constant volume, <A=0 and 


Qy=—AE. (13.3) 
Here Q, ise the thermal effect at constant volume. 


If the process ocoura at constant pressure, then 


Q,=—(AE+ pdv) = — Ai, (13.4) 
where Q, 4s the thermal sffeot at constant pressure. 

Thus, the thermal effect at conatant volume equals the decrease in 
daternal energy of the system and the thermal effeat at constant preasure 
equals the decrease in heat content of the system. 

The difference between the thermal effents at constant volume and 
constant pressure follows from expressions (13.3) and (13.4) and equals 


Q.— Op = pas. (13.5) 
In the theory of explosives the following therm: effeots must be 
considered; the heat of formation, the heat of combustion of the sub- 
atances and the heat of explosion. 
The heat of formation ia the thermal effect obtained during the 
formation of one grammole of a given compound from free elements under 


atendard conditions. Standard conditions are taken to be a temperature 
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of 25°C and pressawe of 1 atm™ of all the substances taking part in the 
reaction and the states of aggregation in which they are normally found 
under these conditions. 

The heat of combustion of a substance is the quantity of heat evolved 
during the combustion of the aubstance in an oxygen atmosphere. 

The heat of explosion is the quantity of heat which is evolved during 
the explosion of one gram-mole of explosive; for the purposes of comparison 
of various explosives with one another, thia magnitude usually refera to 
1 kg of explosive. 

Equation (13.5) establishes in a general form the connection between 
the thermal effeota at constant volume and st constant prossurc, If va 
reacting substances are ideal gases and if the temperature up to and after 
the reaction remain the same (ite intermediate changes have no significance), 
then equation (13,5) can be written 4n the following ways 


=O, p (A=) = Qpt 2 (fa — mh) = 
ma, +-ARRT = Qy + 1.987 nT cals 


where v0 ia the volume of one grammolecule and % and =~ are the 
number of moles at the end and the beginning of the process; m—n.=— An. 
If the thermal effect refers to the temperature 25°C (298°K) and is- 
estimated in large calories, then RT = 0.592 and 


Q. = Q,+0.69241 coat, 


This important practical relationship remains true when solid or 
liquid substances take part in the reaction, In this case it ia possible 
to neglect the change in volume due to the ohange in the amber of moles 


* 1 atm =-760 om Hg. 
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of these substances in comparison with the ohange in volums of tha gagoous 
components of the system, i.e. An is the change in the number of moles 
of the gaseous components of the reaction. 


Thus, for the combustion reaction of tha substance in oxygen 
6 ¢ b a . 
CoHyOoNa-+(a + GF) 0 = aC, + 7 HO +9 M+Q. 


If the substance CoH OeNy. is a solid and the water formed after 


the reaction ig liquid, then 


and 
Qo Qp+0.508(F-+F—4) koa. 


The thermal effect depends on the temperature at which the reaction 
takes place, The variation of the tharmal effect with temperature can be 
estimated using the arguments given above, 

We will conalder, as an example, the monomoleoular decomposition 
reaction occurring at constant volume according to the equation 

MN=M-+N. 

For two different initial temperatures 7, and 7, the thermal 
effects of the reaction equal Hy and 3 » According to 
(13.3) Q,=—AE » where = AE = Ey + Ex— Enn . 

Differentiating (13.3) with respect to 7 for o=consi and 
taking into account that ($4) = ($F) —c; where co, 4a the beat 


Ty \OF/, 
oapacity at constant volume, wa obtain: 


4 = (PE = — abst) en 
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Integrating the equation obtained, we find that 


rt" 
. 4 Qh f do, a7. 
” (13.6) 


If tha process ocours at p-==const , then, according to (13.4) £ 
must be replaced by i and the heat capacity at constant volums is 
replaced by the heat capacity at conrtant pressure (c,) , then 


vy 
Qe Qe — frAcydT. 
(13.7) 


These formulas can be generalised for any reactions if Ae ia 
taken to mean the algebraio sum of the heat capacities which 1a determined 
by giving a minus aign to the haat capacity of the substances taking part 
in the reaction and a positive sign to the products of the reaction. If 
the average values of the heat capacities in the temperature interval 
7,-—-T7, are used, then the formulae take the form 


own Qe! — AG, (7, — 7;) 


QF = Q5' — b¢5 (7a — 71). 


It is usually understood that Q2 and Qt denote ths 
thermal effects at the standard temperature 25°C, 


814, The ulation of the ffect 


The basis of thermochemistry is Hess's law: the thermal effect of a 
reaction does not depend on ita course but only on the initial and final 
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atates. This law was stated and proved experimentally by W.N. Hess in 
1840, The law followa directly from elementary principles of thermo- 
dynamics. 

The application of Hess's law requires chat the reactions take place 
under identical conditions (at v= consf or p=const) J. 

Hess's law on the independence of the thermal effeot from the path of 
the reaction permits the thermal effeots of some reactions to be calculated 
from the thermal effects of other reaotiona which are more accessible by 
direct measurements or from data given in thermodynamio tablea. 

For example, it ie required to determine the heat of formation of an 


explosive C,H,O.Ng knowing its heat of combustion in oxygen 


CaH,O,Na-+(a + ¢—) Oram CO, +$ H,O-+5 Ne 


In order to calculate the heat of formation we consider three states 
of our system; the elements, the explosive and oxygen, and the combustion 
products. We will denote the thermal effectea on transfer from one atate 


to another by Qua, Qus and Qi, 3 


Qs CaH,O.Ng + (2 + 4 — $) 0, += 


* aCOy $140, 5 Ny —— Qa: 


Aocording to Heas's law 
Qu= Qu Quasi 
Qis , the heat of formation of the combustion products from the elements, 


is determined from thermochemical tables as the sum of the heata of 
(2.2 


formation of (aCOs4-—£H,0) e Qw , 1f needed, is taken from the 
tables or calculated according to the methods considered below. Qi , 


the heat of formation, is estimated thus: 


Qi == Qis — Qas- 

The heat of explosive transformation ia calaulated from the known 
heat of formation and the reaction of explosive transformation as the 
difference between the heat of formation of tha explosion products from 
the elements and the heat of formation of the explosive. 

For the calculation it is necessary to use oonsiatent quantities, 1.6. 

Qo or = Q, , converting thom where necessary according to the 


expression 
Q = Q, + AnRT 


In thermodynamic tables the magnitudes of Ai=—Q, are usually 
given. For the heat of explosion the final result ia converted to Q. e 
This 1a explained by the fact that under practical conditions the trans- 
formation is accompanied by a sharp dnorease in pressure and relatively 
small change in volume, since the free expansion of the products formed 
during explosion and combustion ia prevented by the casinga (gun barrel, 
manometric bomb, calorimetric bomb), In the case of detonation the 
formation of explesion products proceeds at such a rate that in practice 
the explosion produots are formed in a volume almost the same as the volume 
of the explosive charge, even in the case when the charge is not installed 
in a casing, 

The heat of explosive transformation, which is one of the basic 


characteristics of an explosive, oan be determined directly by experimental 
/2/ 


means (calorimetric measurements, the accuracy of which today is within 
0.14). 

In addition, the heat of explosion can also be calculated theoret- 
‘eally if tha composition of the explosion products is known, which, 


strictly speaking, is defined not only by the properties of the explosive _ 


——— 


but also by the characteristics of the charge and the given conditions. 
This problem will be considered in deteil in the next chapter. 

Calculation must be used when it is impossible to determine the heat 
of explosion experimentally or when it is required to make a preliminary 
theoretical estimate of an explosive or explosive system which has not yet 
been synthesised, 

The basio difficulty in the calculations is the absence of reliable 
data on the heats of formation of explosives. However, this difficulty 
can also be avoided, since modern thermochemistry gives the means of 
calculating these data if the moleoular structure of the substance is 
known, 

Comparison of the heats of formation or heats of dissociation of 
varlous compounds reveals that it is possible to attribute a definite 
energy to every bond, which remains more or less constant for any oompound. 
The sum of these bond energies 1s approximately equal to the ensrgy of 
formations of moleoules of compounds made from free atoms. 

In Table 32 the average values of the bond energies are given, 
obtained by YA.K, SYRKIN as a result of comparing the experimental thermo~ 
dynamic data for a large number and variety of compounds. 
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Table 32. 


N—H (NHg) 

C=O (aldehydes) . 150 NO. 2... 0 a 61 
Ca (ketones) we ot 186 oF NeO,.. eee ee 108 
CmO (CHO). ....) 144 yo 
po *NS es | 189 ES 186 
cf (HCOOH) ..| 348 07 

OH ° C—O—NO, (nitrates),| ~ 312 
Co’ (other act ). | 360 C~NOs (nit sunyounds) 240 

other solids). oon Gj. + ~ 

Nou N-NO,0. 0.205 .| ™23l 


All these values refer to standard temperature and apply only to 
covalent bonds whioh usually exist in organiea compounds, With their help, 
it 1s easy to determine not only the heats of formation of’ organic 
compounds from itrse atoms but also the heat of formation from elements to 
the standard state (from solid graphite, gaseous Ho, No, 02 eto.), the 
heat of combustion and the heat of the chemical reactions. The heats of 
formation are caloulated for the gaseous state. 

It should be mentioned, however, that the additivity of the bond 
energies does not always hold, Thia is stipulated by the structure of 
the substance. Because of this the heata of formation obtained cy eumming 
the bond energies sometimes differ from those established experimentally. 
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Thus, for example, the energy of formation of a branched hydrocarbon is 
somewhat hignc .an that of the corresponc.ng normal hydrocarbon. 

The isomeric effect, 1.6. tha inorease in enorgy with branching, holds 
not only for hydrocarbons but also for compounds of other classes (alcohols, 
ethers, ketones, ate . Thus, the heat content Ai during transfer from 
normal pentane to tetramethylmethane decreases by approximately 5 keal, 
since the heat of formation of tetremethylmethane is 5 kcal/mole greater 
than that of normel pentane, 

We will evaluate, ag an example, the heat of formation of PEIN and 
Hexogen, using the data given in Table 32. 

1. Pentaerythritel tetranitrate (PETN) 


CH,ONO, 
H,ONC, 


The heat of formation of this explosive from the atoms equals 
Qeang= 4%-62.77 +- 8 285.56 -- 4%.312 = 2183.6 koal/mole. 


To determine the heats of formation from the elements it 1a necessary to 
determine the heat of sublimation of 5 carbon atoms (-125 kcal/g atom), 
the heat of dissociation of two nitrogen molecules, six oxygen moleoules 
and four hydrogen molecules. Using the data of Table 32, we find that: 


for 5C heat of sublimation equals 62125 =625  xoai, 
for 4H, heat of diancotation equala 42102,6= 410.4 cat, 
for 2H, oo. a “ 2x17G =3840 xeal. 
for! 60, w o.8 ‘ “ 6x117 ==702 xoai', 


DI 2ITA  koals, 


(a¢- 


The heat of formation of PEIN from the elements equals; 
Q, = Qora— > 7 = 2183.6 — 2077.4= 106.2 keal/nole. 


If, however, analogously to tetramethylmethane it is taken into account 
that the correction for the isomeric effect equals 5 keal, then finally 
we obtain Q, = 111 keal/mole. According to experimental data the heat 
of formation of PEIN equals 122.4 kcal/mole. 


2. Hexogen 


The heat of formation from the atoms oquals 


Qeora= 5 x 85.56 4-6 253.5 4+ 39-4231 = 1527.4  koal/nole, 
Dg = 3x 125-432 170-+-32117-+3 2102.6 1543.8 koa, 


The heat of formation from the elements 
Qy = Qrorn— yg = 1527.5 — 1543.8 = — 16.4 —keat/nole 
The experimental value of the heat of formation of Hexogen equals 
Q,=— 20.9 — kcad/aole. 


The divergence between the caloulated and experimental data 1s acme- 


what ohanged if the heats of vaporization and condensation of these 
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explosives are taken into account, 

More - sourate values ror the heats of formation can be caleulated 
from the estimated heat of combustion. The lavtur is calculated (at 
constant pressure) by XHARASCH's method, developed by KASATKIN, PLANOVSiCIY 
and KUL'BAKH, 

By consideriag any organio compound such as a hydrocarbon, in which’ 
some of the hydrogen atoms are replaced by other atoms and groups of 
atoms, and by considering the heat of combustion as a funotion of the 
number of electrons moving during combustion from the carbon and hydrogen 
atoms to the oxygen atoms, KHARASCH derived the relationship 

Qaony= 26.05 (44 + B = p) + D kydy (4.2) 
for liquid organic compounds, where 26.05 koal/mole eleotron is the heat 
of solasion of the bonds C-C and C-H and of the subsequent formation of 
Ws and H,0; 44+8 ia the number of removable electrons for normal 
paraffins ( A and £8 are the numbers of carbon and hydrogen atoms in 
the molecule); p is the number of uigrated eleotrons in a molecule of 
--the substance (the migrated electrons are the electrons of the hydrogen 
and carbon atoms linked with the oxygen); &. is the number of the 
seme subatituents in the molecule and A, is tha corresponding 
correction factor for the given substituent, taking into account the change 
in the electron structurs in normal paraffius due to the polarization of 
the bonds caused by the Adutroduction of the aubstituent, 

The sign of A; is determined by the direction of the migration 
of electrons on introducing the substituent... It is negative for the 


transfer of electrons from the carbon atoma (corresponding to a decrease 


l2Q¢ 


in energy of the molecule) and positive for movement in the reverse 


direction, 

Equation (14.1) holds on the assumption tkat the action of the 
substituent newly introduced into the molecule dees not vary with the 
presence of other substituents, i.e. if the mutual effect of the atoms in 
the molecule is neglected. This assumption, however, does not lead to a 
large error in the estimate of the heat of combustion, since the importance 
of the texm Da A; is comparatively small, 


The values of the heat correotion factors are given in Table 33, 


Table 33 
Hoat correction factors 


Type of grouping, aubstituents and bonds 


Ketone group in aliphatic (aromatia) compounds Al/—- CO — Al; 
ardoary aromatic aminealAs Nile} Geoondury aliphatic 
G@lcohols; aitranine group’ \--NO». 

Yond between aromatio radivala; othylene bond in the closed 
eyole; chlorine in aromatio ooupounds 

Bond botween aromatio radiosls ‘and hydroxyl gruup Ar Ob; 3 
tertiary aliphatio alcohols, . 1 . 

Bond between aromatic ond aliphatio “padioais Ar — Al; bond. 
butween aromatic amine and aronmatio (aliphatio) radical 
APN — Ar, e 

Secondary aliphatio amines A/ — “NHL AG } tertiary 
har oO: amines (Ary N; aliphatic and aromatds. cthera 

-O—Ail 

Primary aliphatio eines AL—Nits ¢ ft pramary aliphatic 
tloohola, fecondary aronatio amines (ars N14, 

Sitromen esters. , 
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As an example, we will calcwlate the heat of combustion of Trotyl 
CeHs(NO2)5CHs: A=7, B=5, p=-0 , correction factors: A, =—3,5 


(bond Ar—Al ) and 4;=—13 (ArNO,). 


Quomb = 26.05 (4*7 +5) +-(—3,5—3 x13) = 817.5 —keat/nole, 


which approximates to the experimental data (817.1 kcal/mole). 

For all thermochemical calculations it is important to know the 
thermal effects of as large a number of elementary reactions as possible. 
Tae heats of such reactions are given in thermovhemical tables, In these 
tables, data is given on the thermal effects at constant pressure referred 
to standard temperature. All the substances taking part in the reaction 
are assumed to be in the states in which they usually exist under stendard 
conditions. 

For some substances the heats of formation are also given in a 
physical state in which they cannot exist under atendard conditions. Thus, 
for example, the heats of formation of water are given for the liquid and 
gaseous states, whilst water at a temperature of 25°C is a liquid with 
vapour pressure 23.6mm Hg. Therefore, the given heat of formation of 
gaseous water implies only that so much heat would be evolved in the gaseous 
atate under given conditions, ; 

More complete thermochemical tables of the heats of formation can be 
found in hand-books of physico-chemicai constants. 

The tables presented hero (Tables 34 and 35) give only the heats of 
formation of the more important compounds and explosives. 

Numerical values of the heats of explosion of the various explosives 


are often taken to be completely definite and unchangeable characteristics 
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Table 34 


Hoats of formation (@.) for standard states. 


State of 


Substance formation aggregation 


' > 
— 10,85 » 
— 21.60 » 
— 7.38 > 
-— 3 » 

416 Liquid 

118, Solid 
111.7 » 
87,4 » 
93,2 3 
83.6 > 
104.5 > 
93.0 > 
70.2 > 
393.3 > 
265.7 > 
198.5 » 
1aS8 : 
45. s 

26.393 Gas 
94.08 5) 
r 17,87 » 
20,19 > 
CaHg propane.» 2 2 6 ee 24.75 ¥ 
CyHip butano. 5... sae 29.7 > 
CrHig ‘pentane... ee ee 34,7 > 
Cay, hhexone . 1.2.1 ss woe 40.0 a 
CrHig heptane» 2 1 2 ee oo 45.4 > 
CoHig octane». ep ee eee 82.7 » 
CoH, ethylene, . ww wee = 12.56 » 
CoHe acetylene 1.1 ee ee. — 57.15 > 
oto benzene see ee ee — 11,12 Soli 
Hg toluene 2... ee ea — 1.93 » 
CH,O methyl alcohol 57.03 3 
CgH,OH ethyl slooho.. > 
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Tabl 


Heats of formation of the more imvortunt explosives (Q,) 


Name of explosive 


Hydrasolc aoid 1... HN; =~ 64.4 
Lead azide 2. 2 we, PbNg 291.3 = 107.0 
Mercury fulninate . . Hg (ONC), 284.6 — 65.4 
ead 

trinitroresoroinate. .| CsH CROpda SAPD: H,O 468." + 199.8 
Cyanurictri azide. . a. = 229.0 
Trinit: rotriazidobengene Cy (NOs);" Ho 336 — 272 
Guanddine nitrote.. , HNC (Ng 122 87.5 
Nitroguanidine .. .°. HCE 104 18.96 

NH 
Rexogon 7 we ee GH ON 222 — 20,9 
Qlycol dinitrate... . Cay (ONOg)9 1§2 54.8 
Glyoorine trinitrate. . CaH, (ONOg)s 227 83,71 
Erythritol tetranitrate C,H, (ONO,), 2. 114 
Pentaerythritol 

tetranitrate (PETN). EeNSRe 316 123.1 
Mannitol hoxanitrate. . 452 106.1 
a= Dinitrobonsene. . . Sn 168 5,7 
1, 3,§-Trinitrobenzene . Nos 213 23 

4, 6-Trinitrochloro~ 

one rr on NOq), Cl 247.5 —I11 
2,4qpinitvotoluene . .|  CgH, (NOs CHy 182 15.3 
2, 4,6-Trinitrotoluene 

(troty1) > se oe ae . C,H, (NOg)s CH, 227 135 
2 ne ttiad tree! 

mylene, we ee Call (NOs (Cid 241 10,2 
Dinitropnenol . 1.» 184 63.3 
Prinitrophenol .... 229 60.6 
Prinitrocreaol . 2. «| CH NOR 3 on, | 243 527 
"Mophnio wold). H (NOs); (OH) 248 1021 

atyphnio acid oa 8 3 . 
Trinitroanigols . . Ea NO SER 243 355 
frinitrophenylmethyl + CH, 

nitranine (Tetryl) + «| Cala (NODNC no, | 7% — 9.9 
Tetranitroaniline .. . CaH On NH, , 215 
‘1, S-Dindtronaphthalene Cyutly ( Os 218 —7 
1, ,3=Dinitronaphthalene. TO in , —84 
1,3,0-Trinitronaphthal ene CioHy (NO>») 263 6.9 
Hoxani trodiphonyianine | latte (Noo he 439 —123 
Nitrate of trdndtropheny.. 

‘glycol ether CH eae Neo 318 B14 
Amgonium picrate ... Ca’ G,) 246 60 
Potaaadum porate. . + aa ( (N yo ae 267 13 
Tetranitromethane. , . C(NOo), 196 11,9. 
Nitrates of cellulose . 
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Table 38 
Heats of explosive transformation of explosives 


——— eee 


: | ey Density of 
Name of explosive coal /ig charze 

(water in g/ond 
apour state 

Glycoldinitrite .. 1... 4.250, oan ‘ 

Glycerinotranitrite . 2... ee 

Erythritol tetranitrate ....... . 

Pentacrythritol tatronitrate ...... 

HMoxogen . oe rr ra 

Mannitol hexanitrate, a 

Tetrva 2... eee et ee le 

Trinitrophenol «6... ee et ee 

sotyh . ow ee ee tee ee hee 

Dindtrobonzene .... 1.8. rr 

Mercury fulminate . 2 6. 0 we he ees 

Lead aside 1 ww et et 

Annoniup nitrate Pre ere ee ee 

Szoky powder o o> 


Oxyliquits (abaorbere: peat, wood, "peal, 

coal, moos). oe ee De te ts 
Asnoniva picrate. i 
Nitrogelatin oe me we 
Pyroxylin (13.2% N) we 


Heats of Lo transformation of ammonit 


Quantitative 
conpogation, 


| ¥: 


ixture coapoeition 


Annoolunm nitrate rr rr re 


4ononiua nitrate + coal see ew ee w| 93,0 7.0 
Annoninm nitrate + cinityobenzene tae Bao 17.0 
Azaoninm nitrate + dinitrotoluene ose | 89,0 +4 15.0 
Aononiun nitrate + dinitronaphthalene, . . .| 87.5 -- 12.5 
Avacniun nitrate + trotyl pew we ee et 7904 21.0 
Araonius nitrate + trinitroxylene cae ano 18,0 
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of each explosive. This is completely untrus since the relationship 
between the reaction products of ati explosive transformation depends only 
to a certain extent on the characteristics of the explosive charge but 
mainly on the cooling conditions. Because of this the thermal effect of 
the reaction also changes. 

Thorefore the heat of explosion of a given explosive is not a constant 
magnitudes and varies within certain limits. The calewlated values of the 
heats of explosive sransformation for a number of explosives are given in 
Table 36, compllod from various sources, Table 37 presents the heats of 
explosive transformation calculated by K.K, SNITKO for a number of 
annonium=nitrate type explosives, The compositions given are calculated 
for the complete combustion of the components. 

From the data in the tables it follows that in the most widely used 
explosives the heat of explosive transformation varies from 1000 to 1500 
kcal/kg. 


81s. The experimental determinstion of shornal effects, 


The experimental determination of thermal effects (heats of combustion 
and explosive transformgtion) is carried out by means of a calorimetric 
apparatus, which consists basically of a calorimetria bomb. The calori- 
metric bomb (Fig. 25) of the normal calorimetric apparatus conalsts of a 
container made of nickel chrome steel (stainless and acid proof) with a 
capacity of about 300 em?, A massive lid is fitted to,the container 
covering the bomb, Lead packing is used for the necessary hermetia 


sealing, 


(32 


Normal bombs are used at comparatively low pressures (100-200 atm.); 
to carr: out exporivonts at pressures 
of 3-4 thousand atmospheras, bombs of 
special construction are used. 

The second part of tho calorimetric 
apparatus ig the calorimeter itself, 
which consists of a small nickel«plated 
brass calorimetric tank and a copper 
protective calorimetric dish. 

In the small tank there is a given 
quantity of water, which is carefully 
stirred by a propellor mixer, which 
guarantees an even temperature, The 


temperature of the water in the emall 


tank is measured by means of an acourate 


Beckm .0 thermometer, The small tank is 


Fig, 25. Calorimetric bomb; installed in the protective isothermal 
1 ~ container; 2 = lid; 
3,4 = contact; 5 = crucible. or adiabatic Jacket and covered on the 


top with the lid. 

The protecting vessel is a double-walled cylinder with a double button. 
The walls of the vessel (external and internal) are polished which deoreases 
the absorption by the vessel of radiation energy. Moreover, the space 
between the walls ia filled with water. Because of the fact that the mass 
of water 1s significant and the walls are polished, the temperature of the 


vessel is practically unchanged during the experiment. A general view of a 
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calorimetric apparstus with an isothermal jacket is given in Fig. 26. 

fo determine the cuentity of heat evolved durine convuction or 
explosive transformation, e fow gremc of cavetwily avied substance are 
takon, This woighed portion is put in a platinun or quartz crucible, fitted 


inside the bomb, To determine the heat of combustion, oxygen is introduced 


Fiz, 26. Calorimetric anparatua: 1 - calorimetric bomb, 2 -, small 
calorimetric tank, 3 = mixer, 4 —- thermometer, 5 ~ isothermal calorle 
metric jacket. 
into the bomb at a pressure of 25 atm, and to determines the heat of 
explosive transformation nitrogen 1s introduced or a vacuum is created at 
a few millinetres of mercury. Ignition of the substance is caused by an 
iron wire carrying an electric ourrent, 

The heat evolved in the bomb durlag comoustion or exztlosion is given 


to the water, the change in temperatura of whioh is measured on the 
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thermometer, Tho quantity of heat evolved in the bomb is consumed in 


heating the water and the calorimoter, i.e. 


Qe (Te Ty) = (Wr Wy) (Te — 74), (15.1) 


where W is the thermal capacity of the given water and WW, is the 
thermal capacity of the apparatus ("water value" or water equivalent): 7; 
is the final and 7, the initial temperature of the calorimeter; W is 
determined directly by weighing the water; W, is a constant for the 
given apparatus. 

The water equivalent of the calorimeter is usually determined by 
burning in the bomb a standard chemically pure substance, the heat of 
combustion of which is known; thon only the value MW, is unlmown in the 
expression (15.1) and this is readily determinad from the experimental 
data. By this method of determining the water equivalent the effeots of 
various factors are automatically considered: the work of the mixer, the 
effect of heat loss from the protruding parts of the apparatus, errors due 
to tho change of the heat capacity of water with temperatura. 

4g standard substances use 1s usually made of chemically pure benzole 
or salicylic acid, naphthalene, camphor and others. 

Apart from W and WW, it is also necassary to know the temperature 
difference (7,—7,) inorder to determine Q . 7, is taken directly 
fvom experiment. 4s regards 7; , due to the heat radlation into the 
surrounding medium the maximum value on the thermometer is less than the 
maximum poseible value of 7, (in the case when radiation is absent) by 


some magnitude AT . AT  , known ag the radiation factor, 1s cal- 
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culated from experimental data, 

° I+ should bo mentioned that although by the method described it is 
possible to determine the heat of combustion in oxygen of all combus le 
substances, it is possible to determine the heat of explosive transfor- 
mation in a nitrogen atmosphere or vacuum only for explosives which are 
readily ignitihle by means of an incandescent wire, ‘This refers to such 
explosives as pyroxylin, gunpowder, nitroglycerine, etc. The heat of 
explosion of nitroaromatic explosives is determined by calculation or 
experimentally in special calorimetric apparatuses with bombs of capacity 
up to 30 litres. The initiation of explosive transformation is achieved 


in this case by means of an eleotrodetonator. 
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The final semporature of an explocion means the maximum temperature 
to which the reaotion products of the explosive beooms heated. 

Up to the present, the direct experimental determination of the final 
temperature of an explosion has been very diffioult. ‘he difficulties of 
moasurement are due to the facts that the interval of time during which 
the maximum temperature is attained is extremely small and that when the 
maximum ig attained the temperature of the explosion preducts begins to 
fall rapidly. 

The usual methods of measuring comparatively low temperatures in which 
the measuring appliance is plaved in contact with the hot body cannot be 
used for measuring high temperatures, At temperatures above 2000°K only 


optical methods are suitable in practica. 
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The inpossibility of meastring the fl. tonpomiski of an exuleglon 
by Uhe Couvacs MEURCAG LS Gl50 CLs WO Wi eae PM arden ak Gee ey 
or the exolosion. ‘fo determine tro tenperusuvad of aa gispiesion oplucal 
pyrometry is used, since the explosion 1s ulways accompanied by a flah of 
light. 

This type of experiment has been carried out repeatedly by numorous 


investigators (MURIOUR, FATRY, WOOD). Yowever these experiments did not 


give positive results. The nogative rosult of these experiments is 


explained as being due to the luzineseenoe whioh is in fact produced by 
secondary phenomena. 

Tous, MURAQUR and his co-workers asta:lished that a considerable 
quantity of the light curing an explosion ts due to the luminescence 
the surrowunding atmosphere causcd oy the passage oO. & shock wave th: 
it. In this case both the continuous and the linu spootrun of th 
substances entering into the composition ef the surrounding atm 
produced, 

In 1945 ALINTSEV, BELYAEV, SOSOLEV oud STEPANOY develo. 2 more 
complete method for the spectroscopio deturmination of the furinascense 
temperature of the explosion of exploalvus, Below, the migfthod used by - vse 
authors and the resuits obtained by thom aro desordbed byt srry, 

To eliminate the luminescence produced by 4 shoal 
phere and to obtain approximately vae conditions assurhia during the 
calculations (see below), explosion ia produced in aif aqueous film. It 
seems that the luminescence is centred inside the tQ@stetuly fx, which tha 
explosive waa located before explosion. Moreover, 


tha ourleace orightness 
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414 this allowod the authors to suppose that under the test conditions 
luminescence of the incandescent products of explosion was obtained in the 
iaitiel seacea of the charge and a photograph pormitted the mrascunun 
temperatura to be judged, since as this decreases the brightness decreases 
rapidly. 

fo determine the temperature a method was chosen in which the relative 
distribution of energy in tha spectrum is measured at various wave lengtha. 

Yor explosives it has boen established that during explosion they 
emit a continuous spectrum, i.e. the explosion products are heat emitters. 

The Gistribution of energy in a spectrum of a gray bady of constant 


absorptive powor a is determined from the relationsbip 


1A Na= a-'CeHt aa, (16.2) 


vere T(a, T) is the spectral light intensity, 4 is the wave — 
length, C, and C, are constants: C,=2nc’h=3,74x108 om erz/seo, 

Co f= 1432 om, deg ( ¢ 4s the velocity of light, A 8 
Planck's constant and & 41s Boltzmann's constant), 7 is the tempera 
ture. 


Taking logarithms, we obtain 


in? +5Ink-+-const = —&, (16.2) 


Denoting the left-hand side of (16.2) by f(A,7)  , we obtain: 


- 10 T)=— yp (16.3) 


i.e. for a gray body there exists a linear relationship between /[(4,7) 
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and 4 . In the co-ordinates (GIG. 7) the relationship (16.3) 
will be rapresented by a straight line with the tangent of the angle of 
slope defining the temperature of the 


investigated source of light; 
tenga —S, 


Experiment confirms that the connection 
betwen f(a, T) and < for the 
luminescence of an explosion is indeed 


linear. For the construotion of the 


graph of [(4, f) versus : » the 
spectrograms obtained were examined with 
Fiz, 27. Dateraination of a microphotometer. Values of intensity 
the final temperature of an : 
explosion for glycoldinitrate. were obtained by means of a calibrated 
filement lamp with a tungsten filament at a filament temperature of 2526°K 
through a gradod clearing agent. The exposure time wes 1073 sec. 

The results of the treatment of one of the photographs are given in 
Fig. 27 for glycoldinitrate. 

It was established first of all that the form of the light density 
curves for the plates used for an exposure of 1073 sec or less does not 
depend on the exposure. 

The temperature determined in this way is the colour temperature, For 
bodies the emission of which is not selective (black or gray bodies), this 
coincides with the actual temperature of the body. For the majority of 
metals and their oxides which display some selectivity of emission, the 


colour temperature is somewhet higher than the actual temperature and 
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temperature of the luminescenos with inorease in the density of the 
explosive powders. The extremely high tempsratures obtained at small 
charge densities should be regarded as dus to the luminescence of the 
bubbles of air compressed by the explosion to very high pressures. 

PATERSON exploded charges of alternate layers of table salt and a 
very dense plastic explosive in water. It was shown that the explosive 
with almost completely expelled air enits only a little light during 
detonation but from the layer of salt intense light is emitted during the 
passage of the shock wave (lumingscence of comprossed air bubbles). 

HEMING showed that during the explosion of charges of explosive powders 
the luminesoence changes depending on tha nature of the gas filling the 
spaces between the granules. 

The data of Table 38 show that the final temperature of explosion of 
liguid explosives, for which the test conditions exolude the luminescence 
temperature of the aurrounding medium and the bubbles of gas, 18 consider« 
ably lower than the calculated value, The latter 4s determined on the 
assumption that the course of the explosion process ia adiabetic. 

For the calculation it 1s assumed that all. the onergy of the 
explosion is thermal energy, whilot the theoretical considerations developed 
by LANDAU and STANYUKOVITCH show that for condensed explosives part of the 
pressure should not depend on the temperature but should be determined by 
the elastic resisting forces. From this it follows that the greater the 
initial density of the explosive charge, then the greater should be the 
portion of the energy of tha explosion vyonverted into energy of elastic 
deformation, Consequently, the higher the charge density of the given 


explosive, then the lower should be the temperature of the detonation 
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differs from it by some tens of degrees. 
The‘ average values of the temperature, each obtained from several 
photographs, are given in Table 38. 
Table 38 


The final temperat of 6 osion of some liquid explosive 


— —<—<—$—$—<—- —=— 


De ity * >” 
Explosive | won (eens) (cate.) 


_Methylnitrate 20. es 1,21 2050 | 4560 
Glycerine trinitrate... .....0.004 1,60 3150 4520 
Olycoldinitrate ......4. 1,50 3160 4700 


The authora reakon that the temperatures are determined within an 
acourscy of + 100°. Accuracy of the. method used in determining the final 
temperature of the explosion would be necessary in a more detailed 
investigation to establish the degree of correspondence between the 
radiation of explosion products and the radiation of an absolutely black 
body. 

Attempts to use this method to determine the temperature of an 
explosion of explosive powders were unsuccessful. Thus, for PEIN for a 
charge denaity of 0.9 g/cm? the temperature waa equal to 6650°K, 1.e. 
considerably greater than the calow.ated value. Inoreasing the charge 
density to 1.1 g/cm? decreased the temperature to 5750°K. For still greater 
denaities (1.40 g/cm?) the brightness of the flash decreased go that the 
spectrograms obtained on specially sensitive plates were unsuitable for 
treatment, These experiments undoubtedly show the rapid deorease in 
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products behind tie front of the detonation wave, other conditions 
remaining the same, Also in calculating the final temperature of the 
explosion, only the variation of the thermal capacity with temperature is 
taken into account, and not its variation with pressure, since the latter 
has been only slightly investigated. It is possible that for the pressures 
and densities which are characteristic for detonation it is more correat to 
consider, as did ALENTSEV, SOBOLEV and BELYAEV, that the thermal capacity 
of the detonation products equals the thermal capacity of the solid body 
or of the liquid. 

Assuming that the detonation produots behave similarly to a solid 
body, we will estimate the final temperature of explosion of glycoldi- 
nitrate, the heat of explosion of which equals Q, = 1580 keal/cg = 
240 keal/mole. 

For solid bodies the thermal capacity at’ oonstant volume be tends 
to a definite limit at high temperatures 


Cy = anR = 5.96 2 satetaag. 


where n ia the number of atoms in the molecule. 

Using this rule, we find.the heat capaelty of the explosion products 
of glycoldinitrate C,H,N20. which forms, during the explosion, produots 
consisting of 14 gram-atoms per grom-molecule of oxploaive, 

Tha thermal oapacity of the explosion products equals 


c, = 5.96 x 14 == 83.44 oF 
The temperature of the explosion products is determined from the following 


relationship: 


Ta Qet 7, ox ES 4-298 = 3180" K, 
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where 7 is the initial temperature of the explosive. From the 
experiment T=3180°K 1s abtained, 1.6. the calculated temperature ig 
vary close to that determined experinentally. 

It is not yet possible to make more penetrating deductions, based on 
the correspondence obtained between the experiment. and calculated dsta, 
since the experimental material accumulated on this problem is still 
insufficient. However, there ia no doubt that the method developed by 
ALENTSEV, SOBOLEV and others of determining experimentally the final 
temperature of explosion of liquid explosives definitely merits attention. 
The problem of determining the final temperature of explosion of explosive 
powders remains open. 

In spite of the known achievements in the field of determining 
experimentally the final temperature of an explosion, due to the complexity 
of the method, it is ugual to ealoulate it from the thermal capacity of 
the explosion produote or from their internal energy. 

Tne basia of the caleulation is the supposition that an explosion is 
an adiabatic process, ocourring at oonstant volume, and that the energy of 
chemical transformation evolved in the explosion process is consumed only 
by heating the products of the transformation. It 1s also assumed that the 
thermal capacity of the explosion products depends only on the temperature 
but does not vary with the pressure (ilensity) of the explosion products. 
For the processes of rapid combustion (for example, powders in munitions), 
the consumption of heat by heating of the barrel and by the work of 
expanding the combustion products 1a known to ooour. This too is not taken 


into account in the caloulation, as this would involve 4 muob more compli- 


cated calculation. 
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To calculate the temperature of the explosion products it 1s necessary 
to know the laws of change in the thermal capacity of these products with 
temperature or the change in the internal energies of the explosion pro- 
ducts. Today the theory of this process has been developed satisfactorily. 

Below, a short summary ia given for practical calculations, 

The contenporary theory of heat capacities is based on the quantum 
theory and on the analysis of moleowlar and atomilo spectre, Analysis of 
these spectra gives the necessary data for determining the thermodynamio 
functions of the-varlous substances and their thermal capacities, We recall 
that the thermal oapacity 

cath = (dgundE +d) (2624) 
4p. the name given to the quantity of heat nacessary to heat unit quantity 
of the substance (one mole) by 1° (molar thermal capacity). The heat 
capacity and the magnitude of q dapends on the conditions of the process. 

The heat capacity at constant volum (¢c,) differs from the heat 
capacity at constant pressure (c,) . If the process occurs at v= const, 


then dA=0 and _— 


«== Gi), 


If the process ocours at pemconst , then dAaspdy and 


ah (ar), + (5), 


For the difference in heat capacities we obtain 
cy —taan ($8) +p (54), — (24). 6.5) 


(fd 


For ideal, gases 


(sr),= (ar), P (Sr), =? ar (F 7), =% 


tp— ty R. 


For real gases the difference somewhat exceeds. R . This, however, 
cannot be taken into acoount in practical caloulations. 

For liquid and solid bodies formula (16.5) 1a usually replaced by 
empirical formulae, The quantity of heat necessary for heating a body ~~ 
from temperature 7, to temperature 7, , corresponding to the 
equation (16.4), 1a determined from the expression 
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If an average value is taken for the heat capacity over a emall 


temperature range, we obtains 


= e( qT; _ Ts 
where c ia the average heat oapacity over the interval Ti—7: . 
The correct relationship between the real and the average heat 
capacity for ¢, and c, dies 
qT 


f ca? =c(7,—7)). 
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According to quantum theory, the heat capac!ty of gases consiats of 
three terms corresponding to the translational, rotational end vibrational 


degrees of freedom: 


LAS” 


6y = Cirans to rot. +e vib, (16,6) 


The kinetic theory of gases gives the enorgy of translation of one mole of 


monatomic gas by the following relationship: 


| OY od 3 R7, 


whence 


where m is the number of degrees of freedom equal respectively to 3, 5 
and 6 for mon-, di~ and tri-atomio molesules. Only monatomio gases conform 
striotly to kinetic theory up to very high temperatures. 

‘The rotational degrees of freedom arise at very low temperatures, 
whilst for every degree of freedom the energy must equal AT » which 
gives for diatomlo or polyatomlo linear moleoules 

Cg=R (two degrees of freedom of rotation); 
for other polyatomic molecules 
Gore eR (three degrees of freedom of rotation). 

The stimulation of vibrational degrees of freedom depends on the 
temperature and conforma to the conditiona of quantum theory. The thermal 
capacity obtained due to vibrational movement 1s defined for gases 
according to the DEBYE-EINSTEIN formula 
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tras Sy Ca (7), (16.7) 


where 


BR (+ ‘or 
Cre =? 
(, T_1) 


b= +o= 4,788 x 107 » 49 the so-called characteristic temperature, 
ia the frequency of the vibrations, m ia the number of degrees of 
freedom. 

In this formula the parameter w (the frequenoy of the naturel 
vibrations) is determined depending on the properties of the substance. 
Usually the value of the characteristic temperature @ for various bodies 
is given in tables. 

In calculating the final temperature of an explosion for solid 
explosion products it is possible to take the heat capacity o,=3Rn . 
The heat capacity of solid bodies tends 
to thie limiting value with inorease in 
temperature (Fig. 28). 

The number m™ for gases is found 
from the following considerations. Each 


of the a atoms of the molecule in 


the free state possesses three trans- 


ational degrees of freedom, These 3n 


Fig, 28. The variation of the degrees of freedom are maintained in the 
heat capacity of a solid body 
with temperature. moleoule. Three of them must be for 
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translational motion and 2 (linear molecules) or 3 (non-linear molecules) 
for rotational motion, 
The number of vibrational deg as of freedom 
m==3n—65 (linear molecules) and 
m=3n—6 (non-linear molecules). 


Finally, for gases we have 
5 ans 0 
eng R+ > Cs(+) for linear molecules and 
1 


¢,==4R +Poy (+) for non-linear polyatomic molecules. 

For symmetrically constructed molecules two (or more) frequencies wo 
can ooinoide. The vibrations corresponding to them are known as doubly, 
three times, atc., degenerate, In the sum of the expressions for Cr 
they acour with the factors 2, 3, eto. The magnitudes Cp (O/T) are 
calculated from the corresponding data presented in hand-books of physioo= 
ohemical quantities, 

The magnitudes tm tu for gases encountered in explosion products 
and derived by optical means are given in Table 59, The degrees of 
degeneracy of the corresponding frequencies are given in brackets. 

The data of Table 39 are used to calculate heat capacity, For 
example, the heat capacity of NH3 (non-linear molecule) varies with the 
temperature according to the following law. Of the six frequencies one La 
doubly and another three times degenerate. Thus, 


enh Cal )-20e (+ 804(!) 
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Zable_29 
Characteristic temperatures of some gaseg 


Diatonie Monatonio | 
gases a | gases 4 4 | 4 


He 6130 CO, 954 (2) 

Cla 801 NO 842 (2) 

Os 9224 HO 2280 
3350 $0, 750 


1360 
1870 (3) 


The heat capacity of 00 is exprzssed by the relationship 

gang R+Cs(5). 
At T om 3085° K 0/T a= | - This corresponds in the tables of the 
functions Cr (6/T) to a valus of Cy =m 1,828 ew 1.83 and Come 
+ 1.33 = 6.80 cal/mole degree, 

At very high temperatures, apart from the terms inet ac1s-27 472, 2% 
is necessary to take into account the erergy of electronic exoltation. 
Today, tables have been eet up containing the heat capacities of various 
gases taking into account all the caloulated facters. For practica. 
caloulations it ia convenient to express the results by an analytical 
relationship, Usually it is given in the form of a power series 

(C=ao+a7-+a7'?+..) with accurately estimated coefficients, 

In practice, estimates of the final temperatures of an explosion 

frequently maka uge of KAST's binomial formulae for the mean moleowlar 


heat capacities in the temperature range from 0° to t°C, 
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For diatomic gases c,=4.8+4.5x10-%, 
For steam c, = 4.0 + 21.5 210-44, 
For carbon dioxide = 9.8-+5.810-%, 
For tetratomic gases ¢,= 10.0 + 4.5% 107%, 
For pentatomic gases ¢, = 12.0+ 4.52107‘, 


4 comparison of the results of the determination of the mean heat 
capacities according to KAST's formulae and according to internal energies 
showa that decreased valusas of the heat capacities are obtained according 
to KAST's formulae and consaquently increased values for the final 
temperature of explosion. 

The final temperature of an explosion can elso be estimated if the 
internal energy of the explosion products 1s known. 

If the process ocours at constant volume, then on the assumption that 
all the heat of reaction is consumed in heating the explosion products it 
is possible to write: 4 

Qomm DAE, 
whavrea 9° ia the heat of explosion referred to 0°C; m is the number 
of gram-moles of the {th produot of the explosion;A£,,is the 
change in internal energy of the /-th produot of the explosion in 
the temperature range 0°—~# °C. 

The values of AE, for some gases and 4i203 are given in Table 40, 

Let us determine as an example the final temperature of the explosion 
of PEIN, for which the approximate reaction of explosive transformation 


can be written ag: 
CyH Ou, Lom 8CO, + 2CO + 4H,0 + 2Na 


(50 


Table 40, 


Internal energies of explosion products (kcal/mole). 


HO 0115] Ov | Me 


100] 0.50] 0.73] 0.49) 0,61) 10,84) 0,51] 050] 051] 0,71] 0.69) 20 
500] 2.61} 4.36] 250) 3.28] 13.51| 2.75; 2,57} 2,69] 4.78] 4.08] 12,1 
1000] 5.58] 9.87) 5.13] 7,24] 17.47] 5,93] 5,60] 5,76] 12.48] 9.81 5 
1200{ 6.85|12.23| 6.25} 9,06 19.23] 7.26] 6.75| 7,06; 16,10) 12,47/ 34,3 
1400] $.15| 14,64) 7,41] 10,85) 20,08; 8.62] 8,03; 8.38] 19,94] 15,28) 4) 
1800] 9,46/17.11| 861] 12.78) 23, , 33} 9,72) 23,94) 18,22 


9 
1800} 10.80 | 19.62) 9.84] 14.77} 25,00] 11,41 | 10.65) 11,08] 24.06] 21.25 


4800 | 31.69 | 69.24 ‘ 
$000 | 33,10 | 62.97 | 32.22] 50.48] 60,71 | 36,26 


The heat of explosion  Q,(:) | 489 keal/mole. 
Let the temperature of explosion = 4000°G. Then 


3 0, 4E,, 496,90 xcot, 


which ls greater than Q,(1) by 7.9 kcal, 

Now let the final temperature of explosion t = 3800°C, which gives 
Ilnj4Ey = 471.26 kcal, which is less than the heat of explosion by 
13.74. Supposing that in a small temperature range (200°) the internal 
energy changes linearly with temperature, we find that on changing the 


temperature by one degree the internal energy of the explosion products is 


{s7 


chauged by 


1500 26 0.1282 koal/degres. 


The final temperature of explosion equals 


t= 4000 — 79 a= 3989" C me 4210° K, 


Sometimes it 1s necessary to change the final temperature of explosion 
in various wixed explosives. 


The final temperature of an explosion is determined by the expression 


Qn = Qi —Qs 
> 7) > by 


where Q, is the heat of formation of the explosion products, Q: is 


‘= 


the heat of formation of the components of the explosive mixture. 

Analysing the given formula, it oan be established that the final 
tempe ‘ature of explosion increases with increase in the heat of formation 
of the explosion products and with deorease in the heat of formation of 
the explosive components for a deoreasa or comparatively small increase in 
the heat capaoity of the explosion produots. The final temperature of an 
explosion can also be increased by, the introduction of easily oxidized 
substances which give a greater quantity of heat during the consumption of 
a similar (or less) amoun’ of oxygen during their own oxidation, than during 
the oxidation of carbon or hydrogen. Of the additions to explosive 
compositions which are useful for increasing the final temperature of the 
explosion, mention can be made of aluminium end magnesium in a finely 
divided state. 

The effectiveness of the introduction into ammonites of aluminium and 


magnesium to increase their final temperature of explosion is confirmed by 
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the following data for the heats of combustion: 


Reaction Thermal effect of the reaction 
Al + 1.5 O, = Al,O3. 393.3 keal or 3,85 keai/g,- 
3Mg + 1.5 O, = 3MgO, 487.4 xkeal or 3.61 xecal/g, 
1,5C + 1.5 O, = 1,5CO,, 141.5 toatl or 2.24 kcal/g, 
3H; + 1.5 O, ==33H,0. 173.4 eal or 3,21 kcai/ge 


The ratio of the thermal effeot of the reaction to the heat capacity. of 
its products is highest for 41203 and MgO which bears witness to the 
increase in the final temperature of explosion on the introduction of thcse 
metals into the composition of the explosive system. 

The introduction of aluminium and magnesium unconditionally inoreases 
the power and efficiency of the explosive (brisance). However, it was 
shown experimentally that the introduotion of these substances into high 
explosives, in spite of the increase in the total heat of explosive trans- 
formation, decreases the rate of detonation. This circumstance permits 
the assumption that the oxidation reaotion of aluminium and magnesium ig 
secondary with respect to the process of the detonating transformation of 
the explosive, The latter statement means that the introduction of these 
additives should not increase directly the temperature in the front of the 
detonation wave. 

The formation of the oxides 41203 and MgO can proceed as a result of 
the inter-reaotion of these metals with the products of the explosive 
transformation of the explosive and probably also on account of their 
oxidation by the oxygen in the air. In any case the reaction is favourable 
from the energy viewpoirt which is demonstrated by the inoreased brisance 
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of an explosive, especially of ammonites, containing .luminium and megnesiun. 

In many cases it is necessary to lower the final temperature of 
explosion or combustion, whioh is especially important for powders. We 
also eneounter such a necessity when carrying out blasting in shafts waich 
are dangerous as regards gas and dust. For the explosives used in such 
shafts the final temperature of the products of their exylosive tr._nsfor- 
mation should not exoeed definite values. 

Deerease in the final temperature of explosion is achleved by using 
exactly opposite measures to those used for increasing this temperature, 
i.e. by decreasing the heat of formation of the explosion products, 
incraasing their heat capacity and increasing the heat of formation of the 
explosive itself. In practice this 1s attained by upsetting the oxygen 
balance, and by introducing special additives which increase the overall 
heat capacity of the explosion products. For this purpose, an increase of 
the ratio of the aumber of H atoms to the number of ¢ atoms in tha 
elementary composition of the explosive ia recommended, since the heat 
capacity of CO and CO, calculated for 1 g at high temperatures is consid- 
erably loss than the heat capacity of 1 g of stean. 

In safety explosives, the additives used to decrease the final 
temperature of the explosion are chlorides, sulphates, bioarbonates eto; 
in powders they are hydrocarbons, resins, nitro compounds of the aromatio 


series, ete. 
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REACTIONS OF EXPLOSIVE BREAKDOWN 


§ 17. nera a T.No. 1486d 


To estimate the possible destructive effect of an explosion, it is 
neoessary to know the specific volume of the products of the exploaive 
traneformation, the detonation pressure and the heat of explosion, as haa 
already been mentioned. These characteristics in their turn are determined 
by the composition of the explosion products, i.e. by the reactions of the 
explosive transformation of the substance. 

The composition of the explosion products is also important in order 
to judge the safety of various explosives in use for underground work, #0 
that the explosion products are harmless to the human body. 

The reactions of explosive transformations can be established 
theoretically and from the data on the composition of the ccoled produots 
of the explosion. The accurate determination of the composition of 
explosion products and of the heat of explosion is an extremely somplex 
problem. This is explained by the followlng reasons. 

1, The composition of the cooled explosion products determined from 
the result of chemical analysis depends easentially on the external 
genditions (surrounding medium, cooling time) and can difver from the 
daitieadl compositien ef the explasion produots whieh corresponds to the 
maximum teiiperature and pressure of the explosion. 

4 vary great influence on the firal composiidon of the explosion 


products is exerted by their cooling time, during which so-called 
(SG 


secondary reactiona ocour between the explosion products. The course of 
these reactions is determined by the laws of cel:emical equilibriwm. 

2. The oharacter of explosive reactions changes noticeably depending 
on the means of init.ating the explosion (heating, impact, initiation by a 
detonator, etc.), the density of the explosive charge, the temperature and 
external pressure at which the ragotion ocours. 

According to MURAOUR's data, during ignition under a very high 
pressure 4 number of sacondary explosives lose their brisanoe and ability 
to undergo a normal detonation, which is attested by a change in the 
character and rate of the reaction. RYABININ also shows that at a pressure 
of 45,000 kg/on* and a temperature of 235°O the breakdown rate of barium 
azide ia 58 times less than its breakdown rate at atmospheric pressure and 
the same temperature. 

The factors given and especially the method of exciting reaction 
predeterminas to a considerable extent the oharaoter of the process which 
oan ocour as detonation, rapid combustion or slow decomposition, It is 
evident that in all these cases the compoaition of the breakdown products 
can be different. 

For example, ammonium nitrate can decompose according to the following 
basio equations depending on the conditions of initiation of the reaction: 

1) NHsNO,NHs+HNO, 41.3 koal (on careful heating to « 
temperature somewhat higher than the melting-point). 

2)  NHWNOs=N,O+2H,0 +10.2 keal (on heating to 260-285°C); 

3) NHiNOs = Na + 0,50 + 210 + 30.7 keal (explosion, excited 
by a capsule-detonator); 

4) NH4NOs = 0.75N; +- 0.5NO: +- 2H,O + 29.5 koal (on rapid 
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heating to 400-500°C), 

The processes of slow decomposition of organic explosives is usually 
accompanied by the formation of a copious quantity of oxides of nitrogen 
and a number of liquid and solid organic compounds, 

During rapid combustion of explosives and powders under relatively. 
high pressures quite a profound decomposition of the molecules of the 
substance cecurs and the breakdown products consist mainly of such simple 
substances as C02, CO, H20, Bo and No. 

Under the conditions of detonation the quantitative and qualitative 
composition of the transformation products differs noticeably from the 
composition of the combustion products of the same explosive, This is. 
explained by the fact that during detonation higher pressures arize under 
the influence of which, according to the LE CHATELIER prinoiple, a dis- 
turbance coours in the balance betwen the reaction products so that the 
volume of the system decreases, i.e. so that processes of association of 
the molecules and partial formation of free carbon (2CO 2CO1-+C) tend 
to develop. With imorease in the charge density (which is equivalent to 
an inorease in the detonation pressure) thase processes are of course more 
strongly developed, since the detonation products become richer in C02 and 
C with a corresponding decrease in the quantity of CO. This is well 
oonfirmed by the experimental data given in Table 41. 


The character of the exploaion products is determined above all by 
the stoichiometric composition of the explosive. 
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Composition of . Piorio acid 
explosion produots . 
per eet pom i.tde/oad| pmo g/omd pens g/en3| to~1.0¢/on3 


-_ 
— 
o 


Serle -Pons 


5.59 
0.85 
5.80 
5.91 
1.84 
7.82 
0.60 
0.58 
0.27 
0.03 


SasVessasse 


F: 
F 


The majority of explosives are organio compounds with molecules 
containing pre-eminently such elements as C, H, O and N. Because of this 
the most characteristic products of an explosive transformation are Oa, 
H20, 00, Ho, No, WR, Og and C. Apart from these products, during an 
explosion Cy, 2X2 and other products can be formed in insignificant 
quantities. 

At the moment of explosion a number of reactions between these 
substances can ocour which, depending on the elementary composition of the 
explosive, can determine the final composition of the explosion products. 

The following reactions have a decisive aignificance in the composition 
of explosion products: 
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20 +0, — 2CO 4+2%26.4 koal, 
Ne 3H, = 2NH,+2211.0  xoal, 
2CO = CO, --C+41.2 kel, 
2H, -- O, = 2H,O + 2257.8 pai, 
CO+H,0 = CO, +H,+ 10.4 coal, 
2NO 3 Ng +On+2221.6  koat. 


The NO formation reaction is endothermic and acquires noticeable 
development only at very high temperatures, so that in the majority of 
cases it is of secondary importance only. 

The following reactions have a slight influence o the composition of 
exploaion produots: 

CO +H, == H,O+C+31.4 onl, 
Na+ 3H, = 2NH,+2:- 11,0 koa, 


GN; —_ 2C + Ny + 68.5 : koal, 
2HCN = 2C-+-Ny+Ha-+2+ 80.7 — koal. 


During cooling of the explosion products secondary reactions can 
develop connected mainly with the formation of methane: 


C++ 2H, 2 CH, +17.9 vom, 
co +3H, — CH,-+H,0-+ 49.3 keal, 
2CO + 2H, = CH,+CO,+-59.1 oat. 

At the moment of explosion methane is formed only in negligible 
quantities which is confirmed by the results of special experiments. The 
explosions of explosive charges in these experiments were carried out 
under conditions where "freezing" of the initial composition of the 
explosion products is attafned by rapidly cooling them by maana of external 
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work, For thia purpose charges installed in tough thiok-walled lead or 
steel appliances or in speuiil lead bombs were exploded in an evacuated 
bomb. Under these conditions aniong the explosica products of plcric acid 
there waa detected not leas than 0.2% CHy, whilst according to the data of 
SARRO and VIEILLE the quantity of methane in slowly cooled explosion pro~ 
duots amounts to about 5%. 

The composition of the explosion products can be calevlated theor- 
etically, starting from the general laws of chemical thermodynamice. Here 
the following assumptions are made. 

1. At the temperatures and excessively high pressures oocurring 
during explosion, the reactions proceed so quickly that in spite of the 
extremely short duration of the phenomenon, a chemical equilibriim 41a 
established betwen the explosion products, 

The results of calculations on detonation velocities for gaseous 
mixtures assuming an equilibrium state between the reacting components 
indirectly confirm the validity of this assumption. From Table 42 it is. 
evident that the detonation velocities of gaseous mixtures calculated in 
this way for all cases are in considerably better agreement with experi- 
mental date than those calculations based on a quantitative reaction. 

2. Explosion 1s an adiabatic process during which the external 
energy is expended only by the heating-up of the produota. 

Moreover, it 1s supposed that the explosive process occurring in a 
detonation form is isochoria 1.6. it is completed within the volume of 
the explosive charge itself. 

3. It 1a also often assumed that the equation of state of ideal — 


gases and the thermodynamio consequences arising from it are also 


{ol 


Table 42 
Calculated and experimental veluea for the 
dozonation velocities of paseous mixtures, m/sec. 


Caloulated yalues Leental 
Composition of in| Experinen 
nirt based on a | based on 
gaseous mAxvure quantitative | equilibriua values 
-sendi tions 
3806 


applicable to the conditions of an explosion which is characterized by 
high pressures. 

In theoretical calculations the prinaipal difficulty ia not in the 
actual application of the equations of state corresponding to explosive 
conditions; it is due to the rather awiward equations obteined ubich can 
only be solved numerically. 

Applied to the processes of rapid oombugtion which are oharacterized 
by comparatively low pressures, the equations of state of ideal gases (or 
the approximate van der Waals equation) leads to completely satisfactory 
results, 

The course of the chemioal reactions and the conditions of equili- 
brium. As is known, all spontaneously coourring processes tend to inorease 
the entropy (AS >0) or decrease the free onrergy (AF <0) . The 
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magnitude AF or the maximm work <A serve as e measure of the chemical 
affinity and define the course of the chemical roactiona. 


For the general case of the reaction 


vyby Ply... SEMI M+ eee, 


(18.1) 
where. »; is the number of gram-moleawies of type Li , atc. 
The maximum work is defined by the expression. 
Aa—AF em RT (In kK, —Alne), 
(18.2) 


where K, ia the equilibrium constant which according to the law of mass 
aotion equals 


Alncmmyincy ry Incy, +. —v, Ine, —vyy ine ae. 


The equation (16.2) is the equation of the chemical isotherm, 
Gyr Sry sven Cy» Cy «= ae the initial concentrations of the reactante; 
CL, Ci. Cy, Cy are the equilibrium concentrations of the 
reactants, 
whilst Cy 2, where 1, is the number of molea of the given 
component, « is the total volume of the systen; 


eR i oh fe oo ee eh ee 


Thus 


Cy Ou wee 
Ain¢ = In ———., 


Replacing the concentrations by the partial pressures p, with the 
help of the equation of state of ideal gases, where 
pe tRT CRT, 
we obtain 
Aw —AF = RT (In K, —- Aln py), (18.3) 
where p ‘is the pressure at which the gases take part in the reaction 
and p are the equilibrium pressures. 
The values K, and 4K, do not coinaide; in the general oase 
K,==K,(RT)”. (18.4) 
In a number of cases it is more expedient to express the concentrations 
in the form of mole fraotions 
Nyx, 
where 2 is the totsl number of moles in a gaseous mixture. 
Since ppm Nip where p is the total pressure of the gaseous 
mixture 
Ky = Kyp** = K, (82) 
rake RG) (18,5) 
4t  Av=0 (for example, for the reaction 2N0 2 No + 02) 
Ky =K,= Ka 
Equation (18.2) ahows that A oan be taken to have any values 
depending on such arbitrary parameters as the initial and final concen- 
trations or the partial pressures. Therefore, for a comparative estimate 
of the foroes of chemical affinity the conoept of normal chemical affinity 
is used. ‘The magnitude of the normal chemical effinity is usually ite 
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valus at unit concentrations and partial pressures of al] the reacting 
components, whilst it refers to standard temperature. 

The equilibrium constants vary with change in temporature, The 
dependence of K, and A, on temperature is given by the isochorio and 


isobario equations respectively: 


dink, AE Q 
ar RA RR (18.6) 
din Kp _ Al Qn 

aT ~~ R= re (18.7) 


where AE and At are the changes in internal energy and enthalpy of 
the system, Q, and Q, are the thermal effects of the reaction at 
oonstant volume and pressure. 

The relationships (18.2), (16.6), (18.7) and the deductions derived 
from tham are fulfilled strictly only for those systems the gaseous 
components of which satisfy the laws of ideal gases. 

Yor non-ideal systems in which the equation of state pue=nRT ia 
not cpplicable, the derived relationships are not completely true. In 
particular, K, ceases to be a function of temperature alone and varies 
also with pressure. This faot must be borne in mind when considering 
reactions which occur during detonation. 

The application of the laws of equilibrium to the compressed produots 
of detonation is largely possible if the basis of the estimate of the 
derived thermodynamic functions is taken to be the equation of state 
corresponding to the pressure of the explosion. The expression for the 


thermodynamic potential in the general form is 


oS 


p 
=> — A ° 
® O-Ring + | [@ P ]ap (18.8) 


For ideal gases the integral on the right equals zero and formula 
(18.8) leads directly to the relationship (14.2). 

For non-ldeal gasea thia integral represents the oorrection for the 
deviation from the ideal state and can be calewlated from the given 
equation of atate p= (p,T). 

Howaver, the solution of the problem is simplified considerably, if 
in the thermodynamic relationships describing the equilibrivm of ideal 
gases, the partial pressures are replaced by the . «called activities. 

The activity ia defined by two conditions: 1) the thermodynamio 
equations for maximm work and the equilibrium of ideal gases hold also 
for non-ldeal gases, if the pressures are replaced by activities, 2) the 
activity coincides with the pressure if the latter is so mall that the 
gaa becomes ideal. 

From this definition it followe that in the gaseous mixture for each 


of its components 
®, = 0} + RT In fy. (18.9) 


Consequently, in a system not satisfying the laws of ideal gases the 
constant will not be given by In K, =Aln p;. but will be given by 

InKypew Alnf; 3 ‘the real equilibrium constant depending on 
temperature alone will be not K, but 


Fifi (18.10) 


The equation (18.9) can be used directly for equilibrium caloulationa 
only in ths tc 0 
simply, Taking into account chat \aple ®? (molur volume) and- 


differentiating the expression (18.9) we obtain 


(y= RT (ap), =? 


din f= gadp. 


or 


(18,11) 
Integration of the right-hand side of the expression (16.11) can be 
earrled out if the equation of state is given, For the detonation products 
it 1s possible, for example, to use the equation of state proposed by 
LANDAU and STANYUKOVICH 


om Arid 1. Bp) oT. 
P (P) p (13,12) 


For practical calculations it is convenient to introduce the activity 

ficient + expressing the deviation of the gases from the ideal 
state. In this case 

f= 1p. (1.13) 

We note that this expression does not depend on any approximations 
and represents simply the definition of the activity coefficient. 

Corresponding to the definition of partial pressure the relationships 
are obtained for partial aotivity 


Si= Pu (18,14). 
where 7; ig the aotivity coefficient of the given component in the 


mixture; p=Nip is its partial pressure equal to the molar fraction 
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multiplied by the total pressure p of the mixture. 
Now 1% 1s vogsizle to represent tho equilitetun covstant Ky, of 
formula (28.10) in the form 
InKp=Alnf=Alnp,--Aln 7% 


or 


vt vi 
tote oe 


r= Kee 
(18,15) 

The problem of changing from K, to K, reduces to finding the 
activity coefficients 1, since according to the definition K, 
coincides formally with K, estimated by the usual method for ideal 
gases. 

The magnitudes 7 can be considered within a satisfactory degree 
of acouracy to be identical for all gases and vapours at the same reduced 
pressure t=p/p, end temperature 7 where p, and 7, are 
the oritical pressure and temperature. 

It was shown above that the variations of K, and K, with 
temperature are given by equations (18.6) and (18.7). 

Integration of equation (18.7) gives 


Qe 
Ink, =— = di —+const, 
oa — Lat (18.16) 


where Qp = Qe (7). 
According to KIRCHOFF's equation 


T 
Qp=Qo— f dcp dT. 
(18,17) 
{6% 


According ta NERNST the constant of Integration const = A/ » where Aj. 
is the difference between the chemiaal constants of tha -cccting gases. 
They can be determined from the vapour ogustion Tor the cooled reacvlon 


products according to the following relationship 


So— to 


ABTS" (18.18) 


where S; is the entropy at 7=0 and =e, for the low temper. 
atures at which vibrational frequencies are not invoked, but rotational 
frequenales do ooour. 

Introducing expression (18.17) into formula (17.16) and integrating, 
we obtain 


T ? 
Tr 
seek, = aSig + f gates f Meo AT + ay 
(18.19) 


For the solution of equation (16.19) A/ 4s usually established 
experimentally and the heat capacity ia expressed by equations of the type 
e=a+b7 + cTi +... which leads to approximate formulae which are 

not sufficiently accurate especially at high temperatures. 

Speotroscopy and theoretical phyaics make it possible, however, to 
estimate thermodynamio funotionsa inoluding equilibrium constants to an 
acouracy far exceeding the average acouracy of the usual methods used in 
chemical thermodynamics, 

Such calculations can be carried out today for various reactions up 
to extremely high temperatures, They are based on modern methods of quantum 
statistics, and recently have found increasingly wide application in 
theoretical calculations conneoted with the determination of the state of 
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combustion and detonation products and also of shock-wave parameters 
taking into account the processes of digsociation and ionisation of air 
(soe Chapter VI). Who calewlased volts oo whe ecuilibeicn constants of 
some reactions are given in Teble 43 (i058 and VON ELBE's data). 

Reaction equations of explosive breakdown. During the study of 
explosive reactiong for convenience all explosives are divided into three 
groups depending on the proportions of oxygen and combustible elements in 
a molecule of the explosive compound (or in explosive compositions): 

1) explosives with positive oxygen balance, i.e. with a quantity of 
oxygen sufficient for complete oxidation of the combustible elements; 

2) explosives with negative oxygen balance but with a quantity of 
oxygen suffielent for complete vaporization; 

3) explosives with a quantity of oxygen insufficient for complete 
vaporization, i.e, with an essentially negative oxygen belanoe, 

Rirst group ef explosives. The condition charactartaing organlo 
explosives of the general formula C,H,O.Ng belonging to the firat 
group ia 


2a +4 Qe. 
2 (18.20) 


A typical representative of this group is nitroglycerine, Here we 
refer to explosive mixtures computed for complete combustion, 
For a mixture of organic explosives of the type 


CaHpOaNg + Cai Ha OoNar (18,22) 


where the first substance has insufficient oxygen and the second has excess 
oxygen, the value of «x is easily determined from the condition 
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b & 
2a + 5 —c=sx(c,—2a—4), (15.22) 


For the zoat frequently Usod Lancunud OL OagyncenG sa. we cane wa 
ammonium nitrate 


CyH,O.Ng-- <NH,NO, 


the valve of x for which completeness of combustion of the mixture ia 


secured is determined by the expression 
é 
x == 2g +s —t 


The results of experimental invaéstigations showed that the course of 
the reactions of expl.s. ve breakdown of thia group corresponds approzi« 
mately with the principle of the maximum evolution of heat, 1.0. the cooled 
explosion products consist basileally of the products of complete combustion. 

According to this the equation for the explosive breakdown of nitro- 
Glycerine can be written in the following form: . 


C\H, (ONO,), —* 3CO, -+ 2,5H,O + 0,250, ++ 1.5N,-+ Q. 


However, at the moment of explosion, in spite of the extremely high. 
presaure, due to the high temperature, partial dissoolation of the products 
of camplete oxidation (C02, H20) and the formation of some endothermio 
compounds (NO, CaN eto.) can occur. 

For ammonites, the final temperature of explosion does not usually 
exceed 3000°K and these processes are not noticeably developed. For 
explosives with a final temperature of explosion of more than 4000°K (for 
example, for nitroglycerine, nitrogelatin, eto.) these processes acquire a 


considerable influence, 
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For example, for nitrogelatin consisting of 92% nitroglycerine and 
8% colloxylin, under conditions of explosion fo: hich "freazine" o7 the 
explosion Fucus vo 


corresponding to the following weaction equation: 


Cig aHye,eO9,8 Nia, = 13.09CO, + 0,98CO + ! 1. 13H,O + 
0.21Hy +-0,03CH, +0.70NO +-0.150, +-6,05Ng. 


From this reaction, by the way, 1t 1s evident that Hod undergoes dis- 
sociation to a considerably less extent than C09. 

In the general case during the theoretical caleulation of the 
composition of explosion products the possibility should be considered of 
the following reactions occurring 


2CO, = 2CO +0, 
2H,0 = 2H, + Oy, 
Na + 0; = 2NO, 


Then the reaction of explosive breakdown in the general form can be 


expressed by the equation 
CsH,O.Ne _ xCO, + yCO +20, +4H,O + wH, +-fNO + mN. 


To determine the unknown quantities we set up the followlng equations: 


x+y=a, 
2x y+ie+utf=se, 


utw=s, 
Sram =d. 


Moreover, for the equilibrium constants of the given reactions it is 


/?> 


possible to write: . 


pips 
co, ont" on Me 
Kp 


nua 


of? 
po ma! 


where p is the total pressure of the system; 2.1 is the mm of all, 
the gaseous moleoules, 
The number . in the given case is determined by the relationahip 


neaxtytu+wtetftm=(ato+d)t+(—m). 


For more exact caloulationa the values of K, should be replaced by 
values of Kyo 

The pressure p starting from the given equation of atate can be 
expressed as a function of the volume vc (or density p ) and 
temperature, p=f(p, 7) « The pressure is given by the conditions of 
explosion, Becauge it is assumed that the explosion takes place in the 
volume of the charge itself, then p= po. where p. ia the initial 
density of the charges. If we start from the equation of ideal gasea, then 


RT 
Em tg HORT. 


ol 


Thus, to solve the problem we have a system of seven equations from 
which it 1s possible to determine uniquely all the unknowns knowing the 
temperature 7 and the corresponding values of A, or K, . If 7 
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is unlmown, then taking values of 7 the problem is solved by the method 
of successive approximation, 

The solution of this system is wathor complicated acd requires mich 
time even in the case starting from fundamental relationships for an ideal 
gas. 

However, studying the equilibrium oonditiong of corresponding 
reactions, we reach the conolusion that the formation of nitric oxide NO 
and the dissociation of H20 under explosion conditions can be neglected in 
the majority of cases, which does not reflect in any way easentially on 
the final results during the determination of the thermal effect and 
specific volume of the gaseous products of exploaion, In this case the 
solution of the problem is considsrably sinplifica, 

The formation reaction of nitrio oxide NO coours at very high 
temperatures and does not depend on pressure since it proceeda without 
change of volume 

NO SE FN yO+214 roa 


let a@ and 6 be the init1al concentrations of nitrogen and oxygen, 
* dis the concentration of NO in the equilibriun mixture, Then the 
equilibrium constents are expressed by the relationship 


= ye 
Kp, XK, 7 ; a 
s—5)('-$) 
For air @ 40,792 and 6 = 0,208, 
The variation of the equilibrium constants with temperature is shown 
in Fig. 29. The data referring to temperatures above 3800°K were obtained 


” 


7s 


by extrapolation, 

Calculations show that for corresponding temperatures and relation- 
ships between nitrogen and oxygen in the explosion products the quantity 
of nitric oxide formed ia not large and does not exceed 1-3% of the total 
volume of gases at 4000°K. 

The equilibrium of the formation and dissociation reactions of water 
vapour wag investigated in detail for different temperatures including 
very high temperatures, Let the reaction 


2H, +0, == 2H,0 


occur at constant pressure and temperature. Let us express the equilibrium 
constant of this reaction by the degree of dissociation, If there was 
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Fig, 29. The variation of xX, ith temperature for the reaction 
Ng + Og ==t 2NO, 


j 2b 


initially one mole of water vapour and ita degree of dissociation is « 


at the given temperature, then in the equilibrinm =ixture 4,5 = (1—a) 


moles, 7,4 woles and Ny oy wool. 


Tho total number of noles in the equiliowiin mixture ucounts to 


aex(l—a)fatp=al+s. 
then 


a a a 
~_ pe 
PA p 3] a(i+5) 6 
Khe Hy" Oy 2 2 afp 


(18.23) 
Using expression (18.23), it 1a possible to caloulate «a for any p 
and 7 ,4if Ki 46 known. 
The variation of K, with temperature ia determined by means of 
(18.16). In using the exact quantum formulae for heat capacity, it has 
the form 


mo «2119943, 6,24 3688 x 10~» 0.474 x107§ 
soak p= — garsz + ggg 8? — pegars 7 — axagrg 4. 


(18.24) 
For the rapid determination of K;"° 4t 48 convenient to use Mg. 30, 
“based on fundamental data due to LEWIS and VON ELBE, supplemented by other 
authors. 
Calculations show that even at a temperature of 4000°K and preasure 
of 10,000 atm. the degree of dissociation of H20 amounts in all to only 


4.00% and consequently there is a good reason for neglecting it in 
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Fig. 30. Variation of kK, 
with temperature for the 
_ reaction 2H,-0O, = 


has the form 


calculations cof explosive reactions. 
The variations of the degree of 
digsociation of water (1a percent. 
ages) with temperature and pressure 
are given in Table 44. 

The equilibrium of the formation 
and dissociation reactions of carbon 
dioxide 

2CO + 0, = 2C0, 
has also been studied thoroughly at 
various temperatures and pressures. 


The equilibrium constant expressed 


2 ae 
KS =org Sai (18,25) 
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The variation of <X, with temperature is shown in Fig. 31. 
The data referring to temperatures above 3800°K wera obtained by 


extrapolation. 
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Fig. 31. Variation of Kp with temperature for the reaction 
2CO +O, =? 2COy 

Caloulations show that at temperatures of the order of 4000° the 
disagoctation of carbon dioxide becomes noticeable even at very high 
presaures (Table 45); for exact calavlationa it should be taken into 
account. 

Thus, neglecting the formation of nitrio oxide and the diasoclation 
of water vapour for the reasons described, to determine the composition of 


the explosion products, the system of equations 
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K-by=a, 
xt y+. —z, 


KO — Ven 


ata’ 


can be writtea, whilst n=N-+z2 » whara Ne=ats+$ ; 


Pa=[(po, 7) 48 determined from the given equation of state. 


Table 45 


Dagres of dtissootlation of CO> (in parcantages 


for ‘different tem ture res qu 


The aquation of state p(v—a)mRT can be used for application 


te combustion processes, in this case p—= » where «a ia the 


ua 

comvolume. For explosive-processes occurring in 2 detonating form, the 

corresponding equations of state have auch a complicated form that in their 

turn they lead to rathor cumbersome expressions for the equilibrium constants. 
Moreover, it must be noted that the equation of atate due to LANDAU 

and STANYUKOVICH and others (for example, JONES) in the majority of cases 


leads to somewhat excessive values of the detonation velocity. 
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To avold these complications it 1s expedient to proceed in the 
following way. ‘The quantity px, wiich dn the given case is the 
average pressure of the exvlosion products, on “instantaneous” detonsiion 
can be expressed quite simply.in tors of the detonation velocity (see 
Chapter VII) 


1 
Py =F oD? 


The detonation velocity can be determined experimentally easily and 
with great acouracy and is known for the majority of explosives. 
In this case the expression for the constant takes the following form: 


1 y2zp D2 
Kp= ¥ SAT Wa) 


(18,26) 
The solution of this system reduces to the solution of equations of 
the third degree. 
4s an example wo will calculate the composition of the explosion 
products of a stoichiometric mixture of heptane and tetranitromethane 


4C (NOx), + CoHig. 

Using expression (18.22), we find that x = 3.50 which corresponds 
to the following proportion of components: tetranitromethane 87.8% and 
heptane 12,2%. 

Let us now deplot the reaction of explosive breakdown in the following 
form (for 1 kg of mixture); 


Cis,13H20,200 x6, s0Ni7,00 = CO. + yCO +20, + uH,0 +N, + Qu 


From experiments it is known that for this mixture the detonation 
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velocity D = 7380 m/aoc end the de.sity oo = 1.40 g/om, 


Consequently, 


boa 1.40 - 7,382 - 108 4. 
a= ese 97400  ke/om3; 


Nea+t+5=3218; 
== 32,18 +2. 


A temperature 7 = 4200°K is assumed for weich Kp" =6 


determine the unimowns we set up the Pollowlng equations: 


xeby=13,15, 
bee 115, 
2a by ++ 22 == 36,36, 
w= = 8,98, 


ytzx97400 
*i(dn, 18-2) 6. 


Solving the system with respect to + , we obtain 


—-a y+ aly—ai=0, 


cf +. 2a — Me” -.. 2NM 2ac” + a3 207 
oye EIN ae ET pear 
om 
=ce—a—u; M=L., 
ps 


» To 


To solve this equation we introduce a new varinhle by uvappcct.., that 


f g, 
Mex ta 
then our equation can be reduced to the form 


182, 


x” — 1,3x' + 10.0 =0, 


Apolying CARDAN's formula to find the roots of th oquation, wo 


obtain 


x’ ==—2.18 and, consequently, «= 10.02; y=3.11; z= 1,55. 


Thus, st 7 = 42C0°K wo will have a reaction equation: 


Cis,12Ho0,200s0,a5Ni2,00 = 
10.02 CO, +.3.11CO + 11. 10H,O + 1,55 0, 4+-8.95Nq +- Q,. 

We will check the validity of the salected temperature. The heat of 
formation of the explosion products equais 1765.4 kcal/kg. The heat of 
formation of the mixture equals 22,4 kcal/eg. Tho heat of explosion equals 
1743 keal/cg. For thie heat of explosion, an estimate of the final 
temperature of explosion gives 7 = 4750°E. 

Tho temperature obtained differs essentially from the selected 
temperature so that it is necessary to repeat the calculation, Now we 
will aseume 7 = 4500°K at which KS" = 9,60, For the solution of 
this problem wa will have the following system: 


xy = 13.13, 
b 
u% =7> 11.10, 
Qety +a + 22 = 36.36. 
was == 8.95, 


yz «97400 


9,6 = £7(32.18 + 2) ° 


which leads to the equation 


(%3 


x1 — 2x’ +120 =0. 
Solving this equation, wo determine 


xan’ +S = — 4,804 BE x 9,00, 


yas 5.13, 2=2,06,. 


For this composition of explosion products Q, = 1528 kcal/kg; T = 
4550°K which is close to the solected tenperature. 

Thus the reaction equation of explosive breakdown of the mixture can 
be taken to be 


Cys,13Hz0,20Os4,s0Niz.00 == 8,00 CO, + 5,13 CO + 14.11H,C + 
2,06 Oo 8,95 Ng idS5  keal/ig. 


Seco up _of 10 » It is not possible to draw an exact 
line between the second and third group of explosives, One and the sams 
explosive depending on the conditions can detonate either with the 
formation only of gaseous products or with the partial separation of free 
carbon. On increase of the charge density (which ig equivalent to an 
increase in the detonation pressure), other conditions remaining the same, 
the probability of the formation of free carbon increases. 

The form of exploalve decomposition also exerts a strong influence on 
the character of the explosion products. Thus nitrocellulose powders under 
normal conditions of application belong to the second group; during 
detonation they separate out oa certain quantity of free carbon, i.e. they 
behave under these conditions similarly to explosives of the third group. 


4s the oxygen content in a moleoule of explosive (or molecules of 


1874 


mixture) decreases, then the rcactioa 
2CO = CO,-+C, 


acquires a greater significance and the probability of carbon separation 
increases, 

However, there exist a number of explosives with proportions of 
oxygen and combustible elements inthe molecule such that they definitely 
belong to the second group under any conditions. Typical representatives 
of such explosives are PETN and Hexogen in which only gaseous products are 
always formed during their explosive decomposition. 

For explosives of the type C,HrOcNa the characteristic orlterion 
which shows that they belong to the second group is 

a +4 >e>a. 
(18.27) 

This criterion is not satisfied, for example, by the majority of the 
.nitro-derlvatives of the aromatic series, including Trotyl, xylyl eto. 
Pleric acid and Tetryl,for which thia condition is fulfilled, detonate at 
large densities with separation of a noticeable quantity of free carbon, 

On tho basis of analysis of experimental data, MALLARD and LE 
CHATELIER proposed an approximate rule for the determination of the 
composition of explosion products applicable to explosives with a negative 
oxygen belance. Here they started with the followlng hypothesis. At the 
nonent of explosion only products of direct oxidation are formed, namely, 
the oxygen first oxidizes the carbon to CO and its remaining portion is 
divided equally between H2 and CO as a result of which C02 and H20 are 
partially formed. According to this law the approximate equation of 
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which on the whole reflecta quite closely the actual coxposition of the ‘ \ 
explosive products of PETN, However, for a number of otner explosives the \ 
application of this rule leads to a considerable discrepancy between the 
results of theoretical calculation and the composition of explosion producta 
established experimentally. : The discrepency is explained above all by the 
fact thet the principle itself of equal distribution of oxygen between CO 
and Hp, accepted by these scientists, is not substantiated and is based on 
the rule of greatest evolution of heat, according to which both the 


reactions 


2CO +0, —> 2C0,-+- 2268.1 koa, 
2H, +O, — 2H,0 +2%68,3 . koat 


(for liquid wator) are, for oxample, equally probable. 

it 4s evident, howsver, that for the eume pressures and temperatures 
dissociation of CO2 is developed to a considerably greater degree than 
dissociation of H20, so that the reaction of HzO formation will prevail 
over the reaction of Cog formation. 

On the basis of these arguments and the analysia of results of rigid 
calcultions on the equilibrium ststes between explosion products, 
BRINKLEY and WILSON developed a rule for the approximate determination of 
an explosion reaction by considering it possible to neglect completely the 
dissociation of water vapour, 


For explosives satisfying the condition a+ +> ¢>a » the 
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approximate ecuation of exnlcsive decomposition has the form 


CySONy > 0-4 (e— a gyCOet 


é 


(2a —e-+-5)CO +4 Ni. 


Applied to Hexogen and PEIN this rule gives 


C3H,O.N, —> 3H,O +3C0+3N,, 
C(CH,ONO,), —> 3CO, + 2CO + 4H,0 +-2N,, 

For a comparative estimate of the approximate method data are given 
in Table 46 of the composition of the explosion products of PEIN obtained 
experimentally under conditions of extremely rapid cooling and also based 
on the theoretical caloulation of equilibrium states, 


Table 46 
The composition of the explosion duets of P 
in am="0Lleci1e 3: 0 
Composition ‘Conposition 
Datonation Approxinate | derived from | derived frox 
" products corpoaition equiitbriun experinentel 
: ta, 


arr) 


From Table 46 it is evident that the approximate equation in the 
given case is in satisfactory agreement with the experimental results and 


theoretical calouletion (in brackets the data are given which were obtained 
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according to MALLARD and L& CHATELIER's mcthod). 

@no basic explosion products of explosives of tae second graup are 
Co, HoO, CO, Ho and Ne, Moreover, for explosives close to the first 
grenp, insignificect cuantitles of Og anc RO ean bo found in the explosion 
products, Negissting these, the reaction of explesive transformation can 
be expyessad by tha equation 


CoHyOoNy = «CO, + y CO +21, -+ HHO +5, 


Tas ralationship batwoen CO, C02, H2a0 and H2 can evidently he 


doterzined from the water ges equilibrium: 


CO + 172,.0 = CO, = Fy. 


fo find the uniknoway the following equations can be set up: 


A+y=a, 
Ixy tess, 
zt+u=~, 


a K,=Ky= 78. 

The equilibriun reaction of wator gas proceeds without change in 
voluce, therefore Ky Ko = Ky ‘ 

Givon tre final temperature of explosion 7, , wea find K, from 
the graph (Fiz. 32). This graph is based on specific data for K. up to 

T = 2800°% and extrapolated for higher temperatures. Tha solution of 

the systea roduces to the solution of a quadratio equation. 

Having estermined the values of x, y, 2 and .a , the decomposition 
scuation of the given explosive is set up and the correspondinz temperature 


T, is calculated from the composition of the explosion prvducts. If 
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Fig. 32. The variation of xk, with temporature for the reaction 


CO + HO + CO_-t Hy 


the difference 17,—7, is not large, then the composition of products 
ootained is taken to be the desired composition. If this difference is 
darge, then a new temperature is taken, usvally Ath and the 
calculation is repeated. 

For the initial choice of the temparatura 7, 1+ is convenient to 
determine this starting from the approxirzte reaction equation of the 
given explosive. We will explain the method of calcvlation by means of a 
concrete example, We will determine the composition of the explosion 
products of Hexozen, 

The approximate equation for the explosive reaction of thie explosive 
ig 

C,H,O,Ny —>’3H,0 + 3CO + 3N, + Q,. 
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Determining the final temperature of explosion from this, we find 
that = f-13700°K. 
We take a texgsratare 7, = 4d800°K =, for which 
Ky = 8.80, 
Now we write tke equation for the explosive decompou.tion of Hexogen in 
the fora 
‘CyHOgNg —> + CO, + y CO +4 H,0 + 2H, +3N, +, 


To find the unknowns, we have 


xpy=3, 
2xt+ytu=se, 
etz=8, 


xe 
a = 8.3. 


Solving this system with respect to <x , we find that 


B= 210.3 
or 
9,3x2 -+- 6x — 9 =0, 
whence x = 0,76; y = 2024; u 92.24, z = 0.76, 
Thus, for 7'=3800°K the composition of the explosion products will 


be ; 
CsH,OuN, —> 0,76 CO, -+ 2,24 CO + 2,24 HO +0,76 H, +3Ny 


Let us verify the validity of the selected temperature 


‘Heat of fornation of explosion products Q1,9 0 260.4 kcal 


Heat of foruataon of Hoxogen ... . Q)2= —20.9 koa 
Beat of explosion... .,--650,% Qy == 281.3 keal/aole. 


Determining the temperature of explosion, we obtain 


(40 


an = 3750° K. 


which ig ologe to the given temperature. Thus, the reaction described 
can be taken an the equation of explosive decomposition of Haxogen, 
Starting from this reaction, we also determins 
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Third group of explosives. This inoludes organic exploaives with 
essentially negative oxygen balante, the exploeion products of which can 


contain free carbon, The deciaive orliterion for an explosive to belong to 
the third group is 
(at goa: (18,28) 
4a haa already been stated, it is not possible to draw an exact line 
between the second and third groups. 

The oriterion (16,28) should be accepted only in the case when the 
explosives satisfying it can detonate under appropriate test conditions 
with the formation of free carbon. These conditions, as will be show 
below, can be determined by theoretical calculation. 

7 ~ Uader any conditions, the third group inoludes only those explosives, 
where the oxygen in a molecule does not suffice even to oxidize thia 
carbon into CO ‘(a>0o). . A typical representative of these explosives 
is Trotyl. 

Explosion products of the third group, as investigators have shown, 
consist mainly of GO, H20, 0, No and insignificant quantities of C02 and 
Ha. If the latter are negleoted, then the approximate reaction equation 
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for this group, acoording to BRINKLEY and WILSON, in a general form will 


bes 


CaHyO.Na —> 3 HO -+(e—$)CO+ 
(a—e+p)c+$N. (18,29) 
- (48,29) 
In the opinion of these investigators, equation (18.29) characterizes 
sufficiently accurately the composition of the detonation products for 
high-density explosives and in the majority of cases gives vary close 
agreement with theoretical data. 

Corresponding to the expression (18.29) the reactions of explosive 
decomposition of plorie acid and Troty] should’ be written in the following 
way 

- CyH,(NO,), OH —+ 1.51.0 +5.5CO +0.5C-+ 1,5Ny, 
C,H, (NO,), CHy —> 2.5H,O +3,5CO +-3.5C -+-1,5Ng. 


It 1a interesting to compare these data with the results of apeaifia 
calowlations carried out by BRINKLEY ‘and WILSON. 

In calculating the equilibrium state for the explosion produots of 
Trotyl, they started from the following possible reactions: 


“HO'4+-CO =*CO,+Hy, 2NO-+2H, % 2H,O-+N,, 
2CO =*'CO,+C, 3H, +CO = CH, +H,0, 
2H, +0, = 2H,0, 3H, -+ Ny = 2NHy. 


Comparative data for Trotyl are given in Table 47 (in moles per 1 kg 
explosive). 
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4s we see, the agreement is satisfactory on the whole. From the table 
it also follows that in calculations of the composition of explosion pro- 
ducts for this group the formation reactions of NH3, CH4, NO and Oa could 
be neglected unconditionally. In this approximation the reactions 
determining the composition of the explosion products are 
CO+H,O = CO,+H, 
- 2CO == CO,+C, 
The latter reaction, the so-called gas generation reaction, is 


heterogeneous, 


Accor to | Aocording 


‘Detonation ¢ approximate! « Libri 
quat: a (28, 29; arr 
He . 2c aes 0 0 
COys; sl. 0 1,92 
CO... i. 15,77 11.64 
HAO. .....4. 11,12 10.96 
Ng wpe ees 6.67 © * 6,60 
| © 0 0 
NOL I Iil! 0 0.04 
CHy. 2... ee 0 0 
Nips cea, 0 0.04 
rr rr 18.77 17,32 


With increase in temperature, the equilibrium of this reaction ia 
displaced to the left, The high pressures characteristic of detonation 
processes permit the formation of solid carbon, Which of these factors 
predominates can be established in each conorete case from calculation, 

The variation of the equilibrium constants of gas generation with 
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temperature 1s determined from the formila 


1osk, = — 22077 4 946731097 — 
0.00108247 -+0,116 . 10-* 7* 2,772. 
(18,30) 
To determine K, 4t is convenient to use Table 48, based on the 
relationship (18.30). 
Table 48 


We will write the equation of explosive decomposition for explosives 
of the third group in the general fom: 


CaH,O.Ng —> «CO, + CO +2H,0 +2 Hiv 2 Ny. 


To determine the unknowns, we set up the following equations: 
a+yty=a, 
ztua+, 
. 2e+y+u=e, 
yu 
Ku= er 


It is evident that in the given casa 
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a=ate+f—y, 


The magnitude of is deterained in just the same way as for the 


After appropriate substitutiona the last equation takes the form 


po D1 a 
Kp= Flix * (8.31) 


Our system can be reduced to an equation of the third degree of 
general form 


Ax! + Bx? -+-Cx-+- D m0. 


The next step in the caloulation is identical to that for the first 
and second groups. 

For explosives not satisfying the condition apSec it is not 
poasible to predetermine earlier whether free carbon will separate out on 
detonation or not. 

To obtain an answer to this question, we proceed in the following 
way. First of all, the caloulation ia carried out as for the second group 
assuming complete vaporization. Having obtained values for +, y,2 and 

u , the temperature of explosion is then calonlated and its corresponding 
value for Ke found. 

The value of K, found 1a compared with 


Diy2 
Ke $n 
for the given conditions of denaity of the explosive charge. If Kp>Kp 


then it is easily seen that aolid carbon ia separated out (for .K, to 
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become equal to K, , the value of y should decrease and the value 

of x dnerease which 1s connected with the disturbanes of the equil‘briun 
towards the side of separation of free carbon), If Kp<Kp » then 
for the given conditions solid carbon should not be separated and the 
composition of the explosion products found can be considered to be the 
real composition. The average detonation pressure p , 88 will be show 


in Chapter VII, equals 
P= o(¥—1)Qy- 107% “ke/en?, 


where x3 is the isentropic coeffictent and Q, is the heat of 
explosion of unit mass of explosive. 

Then the limiting density Poris of the explosive, at which the 
reaction begins to occur with separation of solid carbon, can be estab~ 
lished from the equality condition K,=K, 3 whenes 


- Kynx 
a 


Pra — 1100 Qe» 107% = 


where Q, is the heat of explosion referred to unit mass of explosive. 
From this 


Pout ant 10! jeg n002/a4, 
, | - (18.32) 
In conclusion we will consider two conorete examples. 
Example 1. It is required to’ calculate the composition of the 


explosion products of Trotyl at 


Po = 1.50 g/ond (D = 6500 m/sec). 


Starting from the approximate reaotion equation, we are given a 
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temperature of explosion T=3000° , at which Ky = 7.4ard K, 
tZ an ® 


1,45 x 10°. 


‘4 cea eae rupees ne 2 ee ee ee ee 
To 2ind the waknowic, wa sat up the ogu.tious 


Ky +tys7, 
z+u=2,5, 


te Dry? — 80750 y*# 1,46-x 10°; x = 183,58. 


x (1l1—v) x 


Solving this system of equations, we find: 


54 xm 016; e038; za 2.12 


vena 1,44, 


Let us prove the validity of the selected temperature. 


Heat of formation of explosion products. .Q;,== 179.6 kcal. 
Heat of formation of one nole of Trotyl Q,,=-+-13 koal 


‘Heat of explosion, ....... ca ee Qype 166.6 keal/nole. 


Determining the temperature of explosion, we obtain -f ==2150°C 
or T= 24239°K  , which diverges considerably from the selected 
temperature, We repeat the calculation, taking 7T=—=—2700°K . 

At this temperature, K, = 7.0 and Ky = 6.3 x 10%, 

Solving the system of equations, we find that: 


y=4,70; 4=50,52; u=0,78; z= 1,72 


and 
; v= 1,78, 
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For this composition of explosion products 
Qia = 193.86 ‘koel; Q. = 180,86 “koal/nola, 
whence Pox the temperature of explogica wo obtein | 
Ty = 2873" K. 

This temperature is very close to the seleoted temperature, Thus, 
the temperature of explosion can be taken to equal 2700°K and the reaction 
equation of explosive decomposition of Trotyl at = = 1.50 g/em? will, 
have the following forms 

C,H, (NO,) CH, = 7 . 
= 0.52 CO, +4.70CO -+.0.78 Hi0 + 1,72 He +1 78 c + 1.5 Ng. 

Example 2. It 1s required to determine the limiting density of 
ploric acid, at which (or above which) detonation will be accompanied by 
the separation of free carbon. 

4t first we will carry through the caloulation for the composition of 


the explosion products on the assumption of complete vaporization 
C,H: (NO,); OH —> x co, +y co +u H,0 +2 H; + 1,5Nq. 


We will take a temperature of explosion .7==2900°K at which K, 
= 7,20. To find the unknowns we write down the following equations: 


xty=a6, 
2etypu=7, 
ze+ty=1,5, 


ae 
ie 7,20, 


The solution of the problem reduces to the solution of a qusedratio 


equation 
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62x? -+ 10.6% —6 = 0. 
From this wa datermina 


x=0.45, y=5,55, 41=0,55 


and z=0,95. 


Let us verify the validity of the selected temperature. 


Eeat of formation of explosion produocta. . Qig 221.76 koal 


“Reat of formation of piepio acid © Qtae +468 kool 
Heat of explosion. «21 2 6 et ee eee Qua 174,06 keal. 


Fron this § f—=2048°C 0 oor: Tamm Y921°K. 

This temperature 1s close to the selected temperature. Thus the 
reaction scuation of explosiva decompositioa of plerio acid will heave the 
form 

C,H, (NO,), OH =30.45 CO, +5.55 CO +0,95 H,-+0,55 H,O +1.5 Na 
' At T=—m2900° the equilibrium constant of ges generation K, = 
5.63 x 10°, 

Taking «m3 , according to formula (18.32) we determine the 
limiting density of ploric acid at which (or above which) its detonation 
will be accompanied with separation of free carbon: 

Kp ens 104 §,63x103x0,45x9 2104 


Posse 81) O = BamapOOxATEOgT — 112 ka eeot%/at 


or 


» Po34 1.10 g/on3, 
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or the exmerinental jnvestination 
OF aon pie 

4n investigation of explosion products really means the dotermination 
of their composition ang voluue. For this purpose a given quantity of 
explosive 1s exploced in a special bomb. Then the explosion products 
cooled down to room temperature undergo chemical analysis. 

Woilst investigating the combustion products of powders, burning is 
usually carried out in a calorimetric bomb which makes it possible to com- 
bine this investigation with the determination of the heat of explosive 
decomposition. 

Explosion of high explosives is most frequently accomplished in the 
bomb shown in Fig. 33 or in special calorimetric bombs. The internal 
volume of the bomb for explosions is 20 1; the thickness of the walls is 
12 om; the bomb is designed for the explosion of up to 200 ¢ of high | 
explosive. In it up to 1 kg of powder can be burned. The bomb is covered 
with a massive lid. To guarantee iermetic sealing betwsen the lid and the 
bomb, an annular lead strip is fitted. 

The explosive charge 1s installed in the bomb on a wire support. 
Explosion is carried out by means of an electrodetonator with non-insulated 
leads in order to eliminate the effect of a combustible insulation on the 
composition of the explosion produots. 

Directly before the explosion the air is evacuated from the bomb 
until the vacuum is of the order of a few mn of mercury. For this purpose 
the bomb possesses a valye whioh also serves as the exit for the gases 


after explosion. 
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Fig, 33. Bomb for explosions. 


The explosion products are cooled and the gases ara passed into a 
gasometer to determine their volume. The volume of the gases oan be 
determined to satisfactory accuracy by means of a mercury manometer which 
communicates with the interval volwie of the bomb. ; 

The volume of gases referred to a temperature 0°C and a pressure 


760 mm Hg is calculated according to the formula 


— t)x273M 
us ts Wore , 


wasere % is the volume of dry gases referred to standard conditions (in 


(19.1) 


litres), uv is the internal volume of the bomb, p. is the pressure 
of the cooled gases (in mm Hg), w is the pressure of saturated water 
vapour at room temperature, 7 is the tamperature of the cooled gases 


(room temperature), @ 1s the weight of the explosive to be exploded, 


aos 


M- ia the welght of explosive to which the volume vv refers,. 

The quantitative composition of vag gacuoas explosion prolucte te 
determined by the usual methods of gas analysis. For this puxpose 1 senple 
of gas is taken from the bomb. The analysis ia based on the successive 
quantitative at sorption of the separate gases by different absorbents. 

The following are used as absorbents: 

for CO2, an aqueous solution of caustic potash, 

for 02, an alkaline solution of pyrogallol. [1,2,30¢H3(cH)3 ] , 

for CO, an ammoniacal solution of cuprous chloride (Cu2Clg), 

for NO, a saturated solution of ferrous sulphate (FeS0,4), 

for NH3, a dilute siiphurio or hydrochloric acid, 

for No, Hg and CHy, sufficiently good absorbents are not available. 

The determination of Hy and CHy is usually carried out in the following 
way. After absorption of the enumerated gases, the remaining’ portion of 
the gas 1s mixed with a measured quantity of oxygen and is burned in an 
explosive pipette by means of an electric spark. After this the total 
inorease in volume Av is deterained, which occurs as the result of 


the reaotions: 


2H, +O; —» 2H,0, (a) . 


cH, +20, —_— co, + 2H,0. (b) 
The quantity of Ho and CHg is estimated on the basis of the following 


arguments. From reaction (a) it is evident that during the burning of two 
moles of Ho the volume of gas 1a deoreased by three moles; if there were 


originally x volumes of Hg in the mixture, then the deorease in 
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yolume duo to their combustion showld be 
Oy, 2 te 


From reaction (b) it follows that during tae ourning of one mole oc. Cily 
the volume is deoreased by two moles; if there ware y volumes of CH, 
in the mixture , then the decrease in volume due to their combustion will 
be 
AU, = 2y, 
The total deorease in volume after burning will be 
dy == Ay, + dome xP Oy, (49.2) 
where Av is determined by direct measurement; -y equala the volume of 
C02 formed. 

Thus, the only unknown is of. 

The quantity of No is determingd either as the difference between the 
volume of mixture taken for analysis and the sum of the volumes of all of 
its determined constituent components, or diroctly by measurement of the 
remainder after burning and absorption of the C02 and O92. 

The exact quantity of H,0 formed can be determined only by conducting 
the test in a bomb with two valves, an inlet and an outlet, For this 
purpose the gases ara passed from the bomb to the gasometer through 
previously weighed tubes filled with calcium chloride. After this a stream 
of carefully dried air .s passed through the inlet valve into the bomb, , 
The quantity of water formed during the explosion is determined by tha 
dnerease in weight of tks absorption tubes. 

If there is a solid residue in the explosion products, then it can be 


aos 


collected and analysed by the usual mothods of analytical chemistry, 

In the casos whore thera ia no solid rasidua in <2 exmiosion nro- 
acta, to qacuviiy of Ll. 
batwasn the weignt of the exploded expiosive and tae total weagav of all 
the dry gases, . 

Calculation, according to the results of gas analysis, of the number. 
of moles of separate components is achieved by means of the formula 

nym te, 
. ® (19.3) 


where C,; is the percentage volume of the given gas, », is the volume 


of all the dry gas (in litres), % 4s the molar volume equal to 22.411 
at 0°C. 

The nunber of moles of H20 1s determined from the furmla 

foam 
woere s, 1g the quantity of H20 found (in grams), .@ is the weight of 
exploded explosive. 

On the basis of the analytical data the reaction equation of explosive 
decomposition is readily determined. We will explain thia by meana of ths 
following exanple, - 

On exploding 50 g of a cellulose nitrate containing 13.1% nitrogen . 


in a bomb, 33.76 1 of dry gases were obtained ( p = 760 mmHg and | = 


09°C). they contains / 
CO, —21,7%; CO —48,75%; CH, —0,59%' 
H, — 13,269, asia Ny — 15,709). 


The molecular composition of the cellulose nitrate 1s Co4Ha9, 509, 5(0N02)19,5 


0 Of 


and 


M=1120.5 «. 


The volume of gaseous explosion products of a mole of cellulose 


nitrate 
Vo’, 33:76 x 1120.5 = 756.5 1. 
50 
- Number of moles of 
co : 2 7 
2" 400 x 22.41 +333 


their weight equals 7.33 x 44 = 322.5 g. 
The number of moles of 
756.5 x 48,75 
cO ls = 16,46; 
100 x 22.41 
their weight equals 16,46 x 28 = 461.0 ¢. 
The number of moles of 


126.5 x 0.59 
= 6 Q = 0.20; 


Cy 
their weight equals 0.2 x 16= 3.2 g. 
The number of moles of 
He o 756.5 x 13,26 = 4,48; 
100 x 22.41 
their weight equals 4.48 x 25 9.0 g. 


The nimber of moles of 


156.5 x 15,70 
N= 2S = 5.30; 
100 x 22.41 


their weight equals 5.3 x 28 = 148 g. ‘ 


— 
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The total weight of gases equals 944.2 g. 

There ava solid substances in th .2lasion products of colix” vse 
nitrate, therefore the difference between the weight of a mole of cellulose 
nitrate and the waight of gaseous products could be taken as the quantity 
of water formed during the explosion; its we ght will equal 1120.5 - 

944.2 = 176.3 z or 9.8 moles. 
As a result of these calculations, the reaction equation of explosive 


transformation of cellulose nitrate will have the forn 


CasHy9,5Od,0 {ONOg)i9s = 
== 7,33 CO, -+ 16,46 CO +0,2 CH, + 4,48 H, +5,3 N2-+9,8H,0. 
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Chapter V' 


ELEMENTS OF 34S DYNAMICS _TaNo. 1488e. 


& 20. uations of gas dynamics 


The basic equations of gas dynamics are derived from the laws of 
‘conservation of mass, of momentum and of energy. 

In all the following argments whilst considering the motion of a 
ges (fluid) we assume that the moving mediun fills the space, i.e. any 
emall volume of 1t contains an extremely large number of molccules, 

When speaking of an infinitesimally small volume of the medium we 
assime that it 1s nevertheless quite large in comparison with the length 
of the mean free path of the molecules in this medium. Therefore, when 
considering the transfer of some partiole of the medium, we should 
remember that in this case it is a question of the motion of some fixed 
volume containing a large number of molecules out which is extremely smell 
in comparison with the volume ocoupied by the whole medium. 

41so, in determining the parameters of motion of the medium, we will 

“neglect completely the processes of dissipation of c...y woleh can arise 
in the medium due to internal friction (viscosity) and whe heat exchange 
between the separate elementa of the madium under the action of thermal 
oonductivity. Such motion ia known as the motion of an ideal fluid. 

The absence of heat exchange between separate elements of the fluid 
(and algo between the fluid and the external medium) signifies that the 


motion ocours adiabatically, 
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The motion of the modium (gas, fluid) can be studied by two methods 
- the LAGRANGE method and the EULER method. | 

The first method reduces to the determination of the parameters of 
state (density, pressure, temperature or entropy) and of motion (velocity 
and co-ordinates) of every fixed particle of the medium at any given moment 
of time. 

The second method, on the other hand, reduces to the determination for 
every given point in the space of the variation of cited parameters with 
time; in other words, all the parameters of the medium are considered aa 
functions of the co-ordinates and tine, i.e, as functions oF tho Sous 
arguments 4%, yz and f¢ , the so-called Euler variables. 

Below, we will give the result of the basic equations of gas 
dynamics in Euler's form, which are more convenient for the study end 
solution of the problems conneated with the gas-dynamios of an explosion. 

We will consider first tue law of conservation of muss. Ata time fo 
let us- consider an infinitely small volume of liquid Ho which at 
tims { changes into the volume ‘& » Stinoe during the motion of a 
fluid, the quantity of a substanos should remain unchanged, then 

ratty = pte == const, (20.1) 
where po and op are the densities of the fluid at times % and / 
respectively, 

Taking the total derivative of (20.1) with respeot to time wa obtain 

| AG) 9 or ate (be) =0, 


What 


The magnitude a expresses the rate of the corresponding 
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volumetria expansion of the fluid in the neighbourhood of the given point 
and equals the divergence of the velocity at this point; consequently, we 
will have 


Ftedvend, 
From vector analyais it is kmown that 


. a ov é 
divoe +a ta 


Consequently, in Cartesian co-ordinates, we have 
et yy Se on0,, 
, (20.2) 
Tis expression is the equation of continuity in Euler's variables. 

We will turn now to the result of the equation characterizing the law 
of conservation of momentum. For this purpose, we will isolate sone 
volume in the medium, assuming that the medium is not acted upon by 
external forces. Ist p be the pressure in the medium, then the total 
force acting on the whole surface [ of the isolated volume due to the 
nedium surrounding it equals 


~$pdy. 


ad 


Transforming this integral into a volume integral according ta the 


Ostrogradskiy~Gauss method, we have 


—§ pdfa— f grad pdv. 
From this it ia evident that in each element of volume gy a force 
grad pdv. ota, whilst a force (grad. acts on unit volume of the 


QED. 


medium. 


We can equate this force to the product of the mass pp of unit 


ag. 


volume of the medium and the acceleration 1 » de. 


‘do. 
Gt ty grad p=, 
. (20.3) 
The derivative a. is the acceleration of a given particle of 
the medium moying in space and not the acceleration at a given stationary 


point in space, To determine the acceleration of a particle at a given 


fixed point in apace we express the derivative & according to the 


formula of vector analysis 


Be BLOM), 


(20.4) 
The first term of the right-hand side of this equation defines the 
acceleration at a given point in apace for constant se and .z , and 
the second term is the acceleration due to the change in velocity (for a 
given moment in time) on transfer from the given point in space to a point 
separated from it by a distance d/ , traversed by thea particle in time 
dt. 
Using (20.3) we can now represent equation (20,4) in the following 


forms 


Cl re 1 ° 
+(oV) o-+-— grad p=0., 
<i oR (20.5) 


Equation (20.5) is the required equation for the motion of the fluid, 
also known aa the Euler equation. 
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We will now derive the equation characterizing the law of consarvation 
of energy. It has already been stated earlier that we will consider only 
adtabatio motion of the medium, For adiabatic motion the entropy of each 
particle of the fluid remains constant. 

Denoting the entropy relative to unit mass of the medium by S , 


we can express the condition of adiabatio motion of the medium in the form 


dS 


—=0, 


a . 
(20.6) 


Here, as has already been mentioned, the complute derivative of entropy 
with respect to time algnifies the change in entropy of the civen particle 


moving in spaces. 


Because 
; . 
dS GKY OS dx os 
= at Lee = ate ara, 


where ¢; are the co-ordinates of a particle at a given point tn apace 
( 4 =1,2,3), then the condition of adiabatic motion in Euler form can 
be written in the form 


é8 
‘37 +ograd S=0. 
(20.7) 


If at some initial moment the entropy for all the particles of the 
medium were identical, then due to the adlabatio process they remain 
constant during the further motion of the medium, In this case the 
condition of adiabatio motion takes the form 


“S=S)=const, (20.8) 


apr 


This motion is known ag igentropic. 
Combining the basio aquations derived by us with the equation of 
atate of the form . 
7 iol G (3 7) 
or the equation of state 
P= P(e Sy (20.9) . 


we obtain the closed system of equationa 


+ divpo=0, 
é 1 
St (eV) o-+-— grad p=0, 
| ss -+-ograd S=0, 
| A= pip: S), 
(20,10) 


determining for given initial and boundary conditions the parametera 
% DP, p and S (or 7 ) characterizing the motion and state of the 
fluid (gas) as functions of + and { . 

We will now transform the equations of gas dynamics from the veotor 
form to the co-ordinate form in which they are more convenient for 
solution and study. 

In the orthogonal system of co-ordinates the basio equations of gas 
Gynamios take tha form: 
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Heat eeh tak ree eed) <o 
eased pots ean 
Stee tek te mo 
te se +o +oget 1 bm, 
tage tos w Sh mo, 
Pap SS, 


aw 


(20.11) 
where u,v and w, signify the projections of the velooity 7° on 
the ‘%y and .2 axes. 

In the cases when the parameters determining the motion and atate of 
the medium dapend on the time, i.e. when in a given region of space these 
parameters change with time, the motion of the medium is eaid to be 
wnateady. On the other hand, in the cases when the parameters of the 
moving medium at every given point in spacsa remain unchanged with tine, 
the motion is said to be steady. It is evident that all the partial 
derivatives with respect to time in our equations become zero and the 
system of equations (20,11) are conaiderably simplified, 

Whilst studying later the. phenomena connected with the detonation of 
explosives and the effect of an explosion, we will be concerned mainly 
with the unsteady motion of a gas. 

In many cases of motion of the media their density can be considered 
to be unohangeable, i.e. constant throughout the whole volume of the fluid 
during the whole time of motion, It 1s said that this motion is that of 
an incompressible fluid. In this case the general equations of gas 
dynamios are greatly simplified. In fact, if pe=const, , then'S = S, = 
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const. and all the partial derivatives of tha density become zero. We 

arrive at a vyatem of four equations with four unknowns ( wow cad 

p, ), of which three equations, the Euler equations of motion, remain 

unchanged and the equation of continuity takes the form | 
| tag Oe dive. 

- (20,12) 
4s will be shown below (Chapter XIV), whilst solving a number of problems 
connected with the effect of an explosion in dense media (water, earth, 
rock eto.) already at relatively amall distances from the source of the | 
explosion, the compressibility of the surrounding media can be practioaliy 
neglected and the differential equations for an incompressible flutd.used, 

We will now introduce the concept of the so-called gtreamlineg. 

These are the linea, the tangents of which indicate the direction of the 
velecity vector at the point of contact at a given moment in time; they 
are determinad by the syatem of differential aquationa 
hey de 
a a) 

Yor steady motion of the fluid the streamlines remain unchanged with 
respect to time and noincide with the trajectories of particles of the 
fluid. For unsteady motion this coincidence doea of course not ooour; 
the tangents to the atreamlines give the direotion of the velocity of 
various partioles of the medium at successive points in space at a 
definite moment in time, whilet the tangents to the trajeotories give the 
direction of the veloaity of definite particles at successive mments in 
tine, 
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8 22. Bernoulli's equation, 


The equations of gas dynamios, as has already been said, are 
appreciably simplified in the case of the ateady flow of a fluid (gas). 
Now becauge "oe 0 =, the equation (20.5) reduces to the 

equality 


(9¥)0-+ grad p20, (21.2) 


We transform this equation, using the well~known thermodynamio relation- 
ship 
i dim Past, : 


(21,2) 
where | ie the heat content of the mediu. 
In the onee of adiabatic motion for every particle (along every 
streamline) dS=0' and 
dims dp. (21,3) 
It is also known from veotor analysis that 


(o¥) o =s grad ? —[e rot oh, ; (21.4) 
where = Vie- oe is the absolute value of the flow velocity. 
Taking into account equalities (21.3) and (21.4) we can now rewrite 
equation (21.1) in the form 
ae vane 
gra ($ +1) =(or0t vo}. (22.5) 
The vector ‘[o rot al ida perpendioular to the velooity oO 3 
therefore ita projection on the direction perpetdioular to the streamline 


equals zero at every point of it. From this it follows that 
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# +-1=const. (21.6) 
Equation (21.6) 1s kmown as Bernoulli's equation, 

We note that the value of the constant differs generally spealcing 
for different streamlines. In the case of isentropic flow the values of 
the constant are identical for all the streamlines and Bernoulli's 
equation takes the form 

i 4 toa ly const, 
where jj, 1p the heat content of the medium in the state of flow. 
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The theory of one-dimensional unsteady motion of a compressible 
maditm 1s mainly of igportance for the explanation of the physical laws 
of unsteady motion in general, and in particular it permits the solution 
of a number of concrete problems connected with the definition of the 
param ters of motion and the state of the detonation produota. 

In the case of one-dimensional motion the basic equations of gas 
dynamios oan be represented in the form 


Sat at a0 
Seed t Bao | 
(22,2) 
For isentropio processes 
p= Ap (22,2) 
From (22.2) it follows that because 


Bee 


where c ia the velocity of sound, then 


AP mn ch Ip = db 
(22.3) 


dk fat 
Caa(An)ip* + 
From thia we find that 
— dine,’ 
_ (22.4) 


Substituting from (22.4) the value of dinp in the firat equation of 


dinp= 


the system (22.1) and multiplying it termby-term by ‘¢ we arrive at the 
expression. 

dc de a—1 du : 

oF 4 Gt Og =O 

ne Fore oe _ (22.5) 
Analogously, using (22.3) and (22.4), the second equation of system (22.1) 
can be written in the form 

“a ae 2 a 

ete get gar ae = (22.6) 
Having multiplied (22.5) by ‘-2 and adding or subtracting it from 
the derived equation (22.6), we obtain 


a _ 2 my d(ut toe 
x (aot c) + (ute) m7 = 0, 
Taking into acdount that 


(22.7) 


it is possible to represent our system of equationa also in the form of 


the relationship 


A (ux: J edine) + Wue) $-(ux foedinp) =0. 


(22.8) 
From equations (22,8) and (22.7) it is evident that the given state of the 
medium defined by the magnitudes u4-f odin or ute ie 
propaguted at a velocity u-+-c in the positive direction of the xo 
axis with the motion of the medium and the atate defined by the magnitudes 
u— feding or ume is propagated at a veloolty u—c' 
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against the motion of the nediun, In these oilrcumstances the propagation 
of a disturbance at a velocity up to “the speed of sound will occur both in 
@ positive and in a negative direction along the + «axis; ata gas 
veloeity above the speed of sound disturbances will depend on the course 
and their propagation will occur only in a positive direction along the 

x eaxte (here we will assume that the origin of the co-ordinates noves 
together with the source of the disturbance), Waves of one direction 
encountering waves of another direotion will interact with them and, 
consequently, the propagation of waves in opposing direations will not be 
independent. 

Equationa in the form (22.7) are especially suitable for investi- 
gation. In the case when the index of isentropy 123 which, as will 
be shown below (see & 41), holds for the greatly compressed detonation 
products of ocndensed explosives, the ayatem of equations (22.7) takes 
the very simple form 


ICED) + (ue) 2 utd = | 


(22.9) 


Ag 


and if we denote «u++ec=a , ‘u—cemp , then 


Oa da . oO op 
ve tea O ap thay =O 


(22.10) 
The solution of system (22.9) is 
xeQutottFy (uo), | 
x= ct +Fi(u—o), 
(22,11) 


where Fi(u-+c). and Fi (u —°) are two arbitrary functions of 
ute and u—c respectively. 

‘The solution of (22,11) which 4a the general solution of the 
differential equationa in the casa =A==3 oan be written conveniently 
in the form 


‘xesat+F,(); xmft-++Fy(Q). 
7 (22.12) 


Analysing equation (22.9) end its solution (22.12), 4t 18 possible to 
conclude that the given states defined by the magnitudes u-+cma and 
u—c=f are propagated in the madium for n=d independently of 
one another. This is also shown by the fact that the magnitudes «& and 

p: are défined in equations (22.9) for given initial and boundary 
conditions quite independently. 
Special golutiong, We have established above that waves exist in 
two opposing directions, which in the general case (nh 3) interact 
with one another. At ‘p=<.Ap*. they are desoribed by the relationships 


blu gre) tid ge (tango) mo 


(22.13) 


In the case when 
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ot—t, ¢ =const, (22,14a) 


4 — => ¢ =scoust, (22.14b) 
equations (22.13) are satisfied identically. 
Having determined from (22,148) that 


de n—1 du 
ry a ri 


it is possible to reduce equation (27.6) to the form 
ou du 
+(4—c) = =0. 
ot oe (22.15) 
Analogously, having determined from (22.14b) that . 


n—1 da 


é 
ety 
equation (22.6) can take the form 
ou du ‘ 
+ (4-+e) => = 0. 
v oe (22.16) 
The solution of the system of equations (22,15) and (22,16) io 


x=(ure)t+F (a), (22.17) 
where F(u) is an arbitrary function, 

It mist be remembered that 4 and c¢ are connected direotly by the 
relationships (22.148) and (22.14b). In the general case when the teen- 
tropic equation has the form p= P(p) , these relationships “reduce 
ta 


“oe f dine = const. 


The solutions given above for the system 


AAS 


xo (uteytt+F, (u), 4 ——2 e = const, 


n—1 
x=(u-—c)t+F,(@), 2+ 2 


a—l 


¢=const | (22.18) 


are known as special solutiong and describe the particular case of wave 
propagation in only one dirsction. ‘These waves are known as simple veyed. 
We will study these waves in more detail using the method of character- 


tetios. 


§ 23. Gharacteriotics of the equations of gas dynamics, 


In a stationary madium small disturbances are propagated in all 
‘G@lrectionsa at the veloolty of sound. In the most general case, when the 
medium moves and the velooity of the notion depends on x,y,z and tt , 
the velocity of propagation of amall disturbances will be composed of the 
local velooity of the motion of the medium and the local velocity of sound 
at every point in space. In this case the velootity of the disturbance 
will be defined by the three different equations 


dx 
aT muta, 


dy 
—. be 
at ma Ot aC, 


d 
ar == Wot asc, 


(23.1) 


where a 2g are the projections of the velocity D of 


propagation of the front of the diaturbazce on the corresponding oo- 


ordinate axes and M1, Ma, Bs are the direction cosines normal to the 


surface of the front. 


A2d 


The solution of the syatem of equations (23.1) for given initial 


conditions of motion defines some hyper-surfaoe 


f(s Jr 2 )=0. (23.2) 
which is the surface of the front of the disturbance. These surfaces are 
called charaoteristio surfaces or characteriaticg. 

Disturbances can be propegated in the form of compression waves or 
rarefaction waves. Compression waves describe the motion of the medium 
when during motion of any element of the medium the pressure in 4t 
dnoreases. On the other hand, when the pressure deoreases during the 
motion of any element of the medium, we are concerned with rarefaotion 
waves, 

In the case of one-dimensional unsteady motion of a gas the equation 
(2.23) takes the form (f(x, ‘)=0 and tha characteristics will be 
represented by lines in the plane x,/ , the elope of which a at 
any point equals the local veloalty of propagation of sound relative to a 
fixed syatem of co-ordirates. 

Depending on whether the disturbances are propagated in the positive 
or negative direction of * we will have two families of charaoteristios 
which we will call C, and C. aharacteristica for which 


ax ax 
(GH), mate (47) ue. 
For simple waves, it is seen from (22.13) that these characteristics 


correspond to the relationships: 


a 


| u-+-——7 ¢ = const, 


k— ¢= const. 


a—l 
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They are called Riemcan's invariants and are the characteristics of the 


basic system of equationa (22.13) in the 4,c plane; in this system 
“# and e¢ are taken to bo independent variables and «x and #/ are 
dependent variables, These characteristics ara represented ag parallel 
lines in the u,c plane. 
Apart from the characteristics considered by us, there is also a 
family of characteristios expreasing the properties of ehtropic disturb- 
ances. For adiabatic flow S=const for any particle, therefore: they 


are transferred together with the substance, i.e. the velocity of their 


propagation 
dx 
(37), =" 
In the case of naw3 St == const , and the fronts of the disturb~ 


ances will be propagated according to the laws 


xe=maltxy, } 
Aap le xy 
23.3) 


where *; and x; are constants and u-+c=a=const; u—c¢c=$=const, 
i.e. these characteristics in the +, ¢ plane will be represented by 
straight dines. 
Differentiating equations (22.17) for a simple wave, we will have 
dx = (ure) dt+ [tare’ (u) +F’ ()] du. 
4t the same time along the characteristics C, and C. we have 


dx= (use) dt, 
Comparing both equationa we come to the conclusion that along the 


characteristi os 
[éxh fe’ (u) 4- F’ (u)| du = 0, 


The expression in square brackets cannot be identically equal to zero, 
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therefore du=0 and «a=const. . 

Thus, we reach the conclusion that along each characteristic of the 
corresponding family CC, or C. the velocity remaing constant and 
consequently the other parameters toa. . 

This indicates that any state in the medium will move at a constant 
velocity, utc or .u—c. , inherent to this state. 

From this property of simple waves it follows directly that the C. 
characteristics (for waves propagating to the right) or the .C. charac- 
teristics (for waves propagating to the left) are represented respectively 
by families of straight lines in the +,/ planes. 

For the purpose of a more graphio explanation of the properties of 
simple waves, we will consider the following two cases. 

A tube closed at one end (on the right), contains gas which is con- 
fined by means of a piston on the left. 

During the movement of the piston a simple rarefaction wave arises. 
In Mg. 34 a family of Cy. 
oharacteristics is represented 


for this wave as divergent 
Tabel 


YU VA straight lines formed on the 
Guiescen ourve xmx(/) describing the 
4 eica? 


Motion motion of the piston. To the 
r 


is) 
piston right of the characteristio ¥ == ef 


a 
there spreads a region of quies- 
Fig, 34. Family of characterlstios 


for the simple rarefaction wave cent gas in whioh all the 
arising during the outward motion of 
a piston from a tube. characteristics are parallel to 


one another. 
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The divergence of the characteristics in this wave is explained as 
follows. As a reault of the initial acceleration of the piston in the 
initial elementary portion of its path, the first rarefaction wave arises 
which wiul move relative to the piston from left to right with a veloalty 

ute, , sinee the front of the disturbance moves through the quiescent 
gas with the velooity of sound and the disturbed gas moves after the 
piston, The next wave of the disturbance which runs from the piston during 
ite further acceleration cannot therefore reach the front of the first 
elementary disturbance, and so on. Because of this, the slope of the C; 
characteriatics to the ordinate axis will deorease in proportion to the 
acoeéleration of the platon, 1.e, these lines will diverge. 

The. seotion A,4, on this figure corresponding to some definite 
moment in time represents the region of gas embraced by the rarefaction 
wave up to the given moment in time; it is evident that aa time inoreases, 
the region of disturbance will expand. 

In Fig. 35 a similar sketoh is given for the simple compression wave 
formed during the acceleration of the motion of a piaton into a tube. 
During every elementary acceleration separate oompreasion waves leave the 
piston, the veloolty of propagation of which is defined by the slope of 
the -C, «characteristics to the ordinate axis. The slope of these lines 
to the ordinate inoreases gradually. This is explained by the fact that 
every following elementary wave will be propagated through a gas which has 
been compreased to a greater extent by the preceding wave, so that the 
amplitude of the wave will inorease continually. The convergent cluster 
of characteristics in Fig. 35, whioh should finally intersect, points to 


a tendency to forma shock wave. However the intersection of the 
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characteristics from the physical viewpoint is absurd; since the velocity 
along any characteristic remains conpt..1t, as has already been explained, 
we will have a many-valued function 


u(x, t). at the point of inter- t 


section, This point can be inter- Motion 


0. 
piston 2 
Quiescent 
Yegion 


preted as the place where the shock 
wave originates. 


We will consider below the 


a Fe 
problem of the conditions under 
which shock waves occur (8 28). Fig, 35. Family of characteristics 
for a simple compression wave arising 
Earlicr wo have proved that during forward motion of a piston 
. into a tube. 


ina simple wave throughout the 
whole region of movement during the whole time the Riemann invariants 
remain constant; they are denoted (for isentropic motion) by 
I, mu + 2 em consti Iu 25 emconst, 

The Riemann invariants themselves ere characteristics in the u, o plane. 
Along each of the C,. and C. characteristics the values of /, or 

/. , respectively, remeins constant. Small disturbances of the /, 
magnitude are propagated only along the C;, characteristics, and the 
disturbanves of /. along the C.. charaoteristios, In the waves running 
to the right / is constant over the whole range of motion and in the 
waves running to the Jeft /, is constant, From what has been described 
the property mentioried above for simple waves follows ag a pervioular case, 
that is, the linearity of one of the families of C characteristics. 


This is easily proved. Let the wave be propagated to the right. In this 
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ease along each of the C, characteristics the magnitude of J, remains 
constant. Moreover, the magnitude of /. is also constant on the 
characteristics and for simple waves it is constant over the whole range. 
of motion of the gas. But from the constancy of the two magnitudes /; 
and---/; - on amy ..C, obaraoteristic it follows that us const, and 

c= const on this charaoteristic which leads directly to the conclusion | 
regarding the linearity of these characteristics, 

It is also easily proved that if the region / of any type of flow 
is bounded by a’ region // ‘of stationary flow (p =const, p== const, wu ==const)),. 
then region / isa aimple wave. In fact in region //. A, and A 
are constant and the C,, and C. obaracteristios are linear. The 
boundary between the two regions is one of the C, characteristics 
illustrated in Fig. 36 as a thicker line, i.e. the C, lines do not go 
from one region into another. The C. characteristics do go from ona 
region to another and take from 
region // to region / the cons- 
tant magnitude -/. which remains 
constant over the whole region of 
this flow representing a simple wave. 

It follows from what has been 
said that the simple wave always 


borders on the region of quiescent 


Fig, 36. Motion of wave () stationary flow, but the veloalty of 
bordering onto a region of . 
stationary flow (//) propagation of this wave front can be 


represented as the velocity of the 


displacement of the boundary between the two regions which represents some 
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slight discontinuity. 

Indeed, because the motion on both sidos from this boundary is 
described by different equations, then this boundary represents tho 
diacontinuity of some derived magnitudes, which (the derivatives) coincide 
with some characteristic. ) 

In the case when = F(u) = 0 dn equation (22.7) we will have 


=ate, um c= a, } 


a—} 


2 : 
=“u—e, Mpa ceh 


mfx os 


(23.4) 
In the given sase the motion of the medium will be a similarity flow 
(automodel') as ud and c are functions of only one independent variable 
ze = . Here we are dealing with a particular case of the class of 
aimilarity flows. In the general case emg. . In the problem 
considered a=) . 
In gimilarity flow the distribution of all parameters depends only on 
x and { dn the formof their ratio + possessing the dimension of 
veloqity, 1.6. these distributions at different moments in tims will be 
similar to one another, If lengths are measured in units increasing in 
proportion to ¢ , then the picture of the motion will not generally 
change. This is the most characteristic property of a similarity flow. 
The simplest example of this motion is the motion of a gas ina 
oylindrical tube closed at one end by a piston which immediately begins to 
move out of the tube at a constant velocity. In this case all the 
characteristics on the x,/ plane will originate from one point. 


These waves are therefore given the name centered. In Fig. 37 tho 
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contering of a rarefaction wave is 
shown, the characteristics of which 
are represented by a cluster of 
divergent straight lines. 

In the case of lgyentropic one- 


dimengionel motions and also of 


isentropic motions with an axial 

(cylindrical) and central (spheri- 

cal) syumetry all the parameters of Fig. 37. Centering of a rare~ 
faction wave, 

the medium depend on one space co- 

ordinate - aud it ia not difficult to prove that the equationa of gas 


dynamics take the form 


9 pu M4 t Bano 
Huta pin mo, 
p= Ap”, } 
(23.5) 
where N=0 for one-dimensional motion, N=1 for motion with a 
eylindrical symmetry and N=2 for motion with a spherical symmetry. 
For motions with axial or central symmetry the characteristica in 
rt oo-ordinates will not be streight lines. 
In fact, applying to system (23.5) the transformations carried out in 
§ 22 we obtain the equations 
#( a2) pure EmeT) mw o 
(23.6) 


Thus, the characteristios are determined as before by the equations 
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dr 
Gr *e, 


F = 


but they sra no lonzar lines on whicn tae valuss of ut 


-2 are 
manatainad constant, 1.0. they are not sircigcs lines on either the (x; 1) 
plane or the ic c) ‘plane. Only at large distances from the centre or 
from the axis of symmetry does the magnitude Mae become quite small 
and the characteristics will approach the characteristics for one-~ 


dimenaional motion. 


8 24, Steady J ia flow 
For a steady one-dimensional flow, Bernoulli's equation holds 


i+> me fy const, 


(24.1) 
whence u=mVIG= 
During the discharge of a gas into a vacuum when (p+0 and :i-+0 
we have 
nan = V 2ige (24 2) 
But for isentropic processes according to (21.3) 
dim“? acid inp = ede, 
whence 
i= of . 
asl . (24.3) 
Taking into account (24.2) we find that 
a 
boa = V4 fos (24.4) 


where. ¢ ia the velocity of sound in the quiescent medium. 

To determine the eritical velooity of discharge of the gas u cr We 
will consider a stream moving in a nozzle which first contracts uniformly 
and then expands (Laval nozzle). We will consider the motion of the gas 
to be uniform acroas the cross-section of the nozzle and the velocity to 
be in a direction along the acts of the cross-section. 

The linear dimensions of the veasel will be considered to be very 
large in comparison with the diameter of the tube. Therefore the velocity 
of the gas in the vessel can be taken to be zero and all the paramaters of 
‘state of the gas to be constant. 

The consumption of gas per second across the cross-section of the 
nozzle equals g=pus where s is the area of the cross-section of 
the nozzle; this magnitude should evidently remain constant along the - 
whole nozzle, i.e. , 


& =pusmconst. . (24.5) 


The maximum density of the stream /= pu will be attained at the 


narrowest crosa-section. Fram this it follows that: ; 


dj=udp+pda=0,: (24.6) 

On the other hand, it follows from Bernoulli's equation that 
- —+= dies —udu, ; 

.P : (24.7) 

Having determined ‘p, from this and substituting ite value in (24.6) we 


find that ts AP we gt 
dp a. 
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which points to the attainment at the minimum nozzle crogs~soction of 


the sonic discharge regime, This section is known as the exitical section 


and the value ep = Cop, 18 aiso known as the cerivicai value. 
For p=A)* Bernoulli's equation ean be represented in the 
form 
ur ca 
a + a-—T = 4 = const, 
" . (24.8) 
and for the critical section it takes the form 
- i On of 
mia os Genk os 
whence it follows that 
her= Cor Vo qQ= const. 
(24.9) 


From the relationships (24.8) and (24.9) it 18 possible to obtein the 
expression 
ub — chr 2 (ys —o9), 
(24.10) 
woich will also hold for three-dimensional flows of gas, if u ie re=- 
placed by the complete velocity 9 . 


§ 25. Unilateral outflow of a formerly guiescent gas. 


Some portion of a tube is filled with gas confined at both sides by 
baffle plates, Outside this portion there is a vacuum. We will denote 
the digtance between the baffle plates by / . We will take the origin 
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of the co-ordinates to be at the right-hand baffle (Fig. 38). The area of 
the tube cross-section is constant and ig assumed to equal unity, 

‘ht time ft = 0 we remove the baffle at ix = 0. Then an ungteady 
outflow of gas begina into the vacuum, and simultaneously a rarefaction 
wave arises directed towards the left, i.e. we are concerned here with a 
simple rarefaction weve. The boundaries of the wave at any time are: on 
the right, the front of the gases flowing into the vacuum which is dise 
placed to the right; on the left, the front of the rarefaction wave, It 
ia evident that the wave will be described by a particular solution of the 
cas-dynonies eqwatieus, 50. oun 
wave 2a § WaVG 2 Of9 Git uti 
propagating through undisturbed gas. 

Here it must be noted that the 


front of the gas flowing to the right 


Pig, 38. Derivation of the 
rules for the unilateral oute . into tie vacuum cannot be considered 


flow of gas into a vacuum. 

as a wave, since here the gaa 
particles whioh themselves move do not lead to a motion of any medium. The 
distribution of velocity and gas density on both aides of the removed 
baffle plate are desoribed by one and the same equations. 


To solve the problem set we should use the equations 


£==(u—c)t-+F (a), (25.1) 
bea ——+ 6 -+const. (25.2) 


For determining the unknown F(u) and the const we use the following 
boundary conditions. For a quiescent gas u==0 and cmc, . 


Consequently 
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2 
0=— a—l 


¢, + const, 


whence . 2 
const = 5+ eu 


and the second equation takes the final form 


=— 2 —_ oan 
aaa) (25.3) 


The limiting velocity during outflow into a vacuum will evidently be 
determined by the relationship 


Uae FT Mn (25.4) 
i.e. 
Tease VET’ (05.5) 
which follove directly fram a comparison of expressions (25.4) and (24.4). 
4t a<3_ this ratio will always be greater than unity. Thus, for 
exemple, for air (a =1) the velooity of the unsteady outflow ia 
approximately 2,2 times greater than the velocity of a steady motion. 
This is explained by the fact that for an unsteady flow one pert of 
the gas can have an energy considerably greater, and another part consid- 
‘erably less, than the average energy of the gas, whilst in the cage of 
steady flow the energy of al] particles taking part in the motion is the 
aens, In the process of mtion in unsteady flows, as will be shown below, 
a continuous redistribution of energy ocours throughout the mass of the 
moving stream, 
We will now prove that -F(u) in (25.1) should be identically equal 
to sero, since the motion of the gas initially at {f=—0, was determined 


— 
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at the section <+x=0 . 


In fact, for “f(u)=0 equation (25.1) takes the form 


k= (u— cyl, (25.6) 
whence at t= 0, ¥= 0, u—can, dees. uw and ¢ are indeteriinate, 
which corresponds exactly to the conditions of our problem. Indeed, at 
the initial moment when the baffle plate ia taken away, u and c do 
not have definite values, aince the velocity u inoreases in steps from 
zero to ita limiting value u,,, tn 2s , and the density, pressure 
and velooity of sound deorease in steps to zero from their initial values, 

Thus the solution finally takes the form 


bem; 


wma (q—c) |. 
(25.7) 


The gas motion being considered is a similarity flow because all the 
perametera characterizing it are funotiona of +. . 

We will now define ‘the law of motion of the rarefaction wave front, 
This front over the whale region of the wave at any moment in time is 
bounded by undisturbed gas; therefore on the front 40 and cma, , 
consequently, for it equation (25.7) gives 


x 


eee (25.8) 
i.e. the rarefaction wave front actually moves from right to left relative 
to the stationary observer at the velooity of sound. The relationship 


kez —st is the characteristic of our equations. 
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Eig, 39. Distribution of u and c during unilateral outflow of gas. 


Having determinsd uw and ¢ from (25.7) we find that 


(25.9) 
Equations (25.9) give the distribution of « and ¢ over the whole range 
of the disturbance with respect to time, It is evident from these 
@quations that at any time the distribution of u and c ia character- 
deed by straight lines. From equations (25.9) it follows that at the 


seotion x=(0 


tm 6 me 4 Ca 
(25.10) 
i.e. the orltical discharge regime is established. It 1s evident thet the 
state, at which u=c , is not transferred through the gas, since the 
velocity of the transfer of thig state mu — oun, 
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On the rarefaction wave front u=0 , csc, . On the front of 
the out-flowing gases u=u,,,=-"1%,c=0 . At n=ld (dtatomie 


gas) equations (25.9) give 


(25.11) 
The graphs of distribution of u and ¢ (Fig. 39) correspond to 
this oase. The left and right arrows indicate, respectively, the direction 
of motion of the wave front and the front of the moving particles of gaa. 


8 26. t1o e- ona 


We have considered above two olasses of gas motion: 1) p=x‘const 
and u=const which corresponds to stationary flow and 2) when over the 
whole region covered by the disturbance one of the Riemann invarianta ( /,: 
or /...) 1s constant, which is a characteristic property of simple waves, 
Here we will consider the general case of a motion when neither / or 

/. ia constant in the region of the disturbance; only one cross-section 

in the region of disturbance on the. x,/ plane corresponds to the pair 
orvalues i, , ‘I, 

To derive the genaral solutions of one-dimensional daentropio motion 


we use the equations 


a 0 al . 

“af tag tae =O 

tug teg =o. 
o (26.1) 
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The independent variables here are x and ‘tf . We will now change 
to new i: Jependent variables «uw. and i , considering + and f as 
dependent variables, For this purpose we eatablish the partial derivatives 
of the system of differential equations in the Jacobian form (functional 


determinants). 
The Jacobian g (Basta ia the determinant 


dy, 8 
‘|st ie O(¥1, ye) Oy, Oye Oyo 


ay 
lie 5a t) Hy #4) = Ox{ On, ons as oxy ‘ 


As a result the system (26.1) takes the form 


0 (4, x) O(t,8 d(t,/) 
OG) +4 Seay + TG) =0, 


sual a aC) -0, 
To change to the independent variables (u, !) we now multiply theao 
equations by st. assuming that this Jacobian does not become 
zero anywhere within the range of the dosired solutions. It is kmown that 
during the multiplication or division of Jacobians deaoribed symbolically 
it 18 possible to consider them as ordinary fractions, djs a result of the 


transformation we obtain 


O(a, x 0 (t, 4) 0(é, 2) 
Tah +4 say + Fa =O, 


I (1% a(t, t 0(t, 4) 
sen + Sy +O FG CIC) = 0, 
(26.2) 
Multiplying out the Jacobians, we will have 
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Ox Ot af 
i gp hat ay =O 


Ox ot g OF ; 
tr Hag +e 7 =O 


(26,3) 
To transform this system into a system of linear differential 
equations we will carry out the so-called Legendre transformation, intro- 
ducing a new function y= (4, t) by means of the relationship 


xmut—%, 


Then the equations take the forn 


(26.4) 


of am ot * ai 
iu Baar! POG Ga (26.5) 
The first equation givea 
C] . 
ti (26.6) 


Using (26.6), we convert the second equation to the form 


a é 
aa hats (26.7) 


Thus a6 @ result of the given transformations we have derived a single 
linear (with reapeot to 4 ) differential equation froma system of 
non=linear equations. 
Equation (26.4) now correspondingly takes the form 
smu oe (26.8) 
Integrating equation (26.7) for appropriate initial and boundary conditions 
we determine y ; then according to formulae (26.6) and (26.8) we 


Axe 


determing ¢ and * reapectively and therefore the remaining parameters 
of the motion under consideration, 
For an ideal gaa ches (4 —1)E and the basic equation (26.7) takes 


the form 
met ta 


This equation oan be integrated in the general form for the condition 


(26.9) 


a+-2N 7 
ial- QN, _T™ TaN N=0, i, 2,45, 06. 


Thais condition ia satisfied, in particular, by a diatomic gas mt, N = 2) 
and the compressed detonation products of condensed explosives (y= 3, N= 0). 
Using N inatead of 7 we rewrite (26,9) in the form 


2 ay am , ay 
We will denote the function satisfying this solution for a given value of 
‘N by dy ¢ Then for the function ¢ (at N = 0) we will have 


21 Se + mo. 


(26,12) 
We now introduce a new variable we=/3i . For this 
ee oe oe 
ee 
and equation (26,11) takes the form 
—zr Ho 0, 
ato (26,12) 


Thia is the wallelknown wave equation, the general solution of wich is 


=f (wu) +flw—u), (26.13) 

where /, and f, are arbitrary feretdions, 
Converting again from w to wo will have 
‘w= A VE+u) +4(VE—u). 
(26.14) 

It is posaible to sbow that if the funotion nw is known, then the 
‘gunction $y,, 18 obtained by simple differentiation, Indeed, 
differentiating equation (26.10) with respest to «4 we obtain 


2, 1/04 ON-+-3 0 (O¥n\ a2 (Oy 
ower! Sn St) +3 + Sat) — dai ar) =o (26.15) 


We now introduce instead of 4 the variable 


‘ye man f BES, 
in this case (26.10) gives the equation 
caves a at) + BST) — (Gaer) (Gt) =O 


coinciding with equation (26.15) for the funotion alls uw) —s (by 
replacing N by N+1 ) 
rater bes) +5 ve) 2s Gen) =O. 
From this it follows that 
an G Har a) (26,16) 
Having differentiated .N times the funotion 4% , we obtain a general 
solution of equation (26,11) 


gee [ts VIQNET +4) +A (VIGNE E— 0)}. 
ne (26.17) 


ah 


The functions f, and fy in the dofinition of 4 should be 
written in the general form. Wa recall that N=G for «| Terna- 
forming from i to ¢ we find that 


2 
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V2QN+1) i= (2N-+1)e= 


and equation (26.17) takes the fc . 

omar lh (garena) + A(zrea)}- 
The expressions standing as arguments in the arbitrary functions, aa we 
already know, are Riemann invariants which are constant on the character- 
istics. . 

As would be expected, the general solution of the two equations (26.3) 
in partial derivativea of the first order depends on tha two arbitrary 
functions. 

In the case ‘N= 0, yom and 

w=A(VU+e)+4(V2i—w). 
For this oo 


ttt KRVU+tay)+KhVT—a Ket +fle—w) 


_ (26,18) 
and according to (26.8) 
xmut—file+u) +fi(e—1) = 
mS [file-4) +(e —4)] A (6-+4) +h (¢ —4). 
(26.19) 
We write the relationship (26,18) in the form 
b= fleti+f (¢—x). (26.20) 


Substituting successively ff and fi from (26,20) 4n (26.19), we 
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obtain 
x= (ue)t—2f{ (ue) (ae) t+ Fi (ue), | 
x= (ue) t4-2f5 (e—4) = (2 —c) ft — Fy (un — 0), 

. (26,21) 

i.e. we arrive at the general solutions, already known to us, for the case 
t=3,,. 

To find the general solution of the gas-dynamio equations, we trana= 

formed from the independent variables + and {ft to the independent 


variables iu and li , by dividing the system (26,1) by the Jacobian 


O(a, 4 
daze, | 


aseuming that A #0, For aimple waves thia method of solution does 
not apply, since for then « and j/' (or uw and -¢ ) are definite 
functions whieh are mutually dependent on one another and therefore the 
given Jacobian becomes identically zero. 

In 8 23 it was established that the simple wave le always bounded 
either by a quiescent region or by a region of stationary flow. Therefore 
the motion described by the general solution (26.17) cannot border 
direotly onto these regions and 1s seperated from them by the intermediate 
region of the simple wave. The boundary between the simple wave and the | 
wave described by the general solution ig always a characteristic by 
: necessity sines it is eimultaneously tho boundary between the regions of 
; two differant analytioal solutions. 

To solve the various concrete problems the necessity arises for 
determining the value of “} on this limiting charaoteriatic. 

The oconditiona for combining a siuple wave with the wave described by 
the general solution can be fulfilled by substituting the expressions 
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(26,6) and (26.8) for +: and ¢ in the equation for the simple wave 
x= (UEC) +f(u), | 
In thia case we obtain 
| 
oho H 4 F(u)en 0, | 
(26.22) 


Since for a simple wave and consequently on the limiting characteristic 


then du=stednpaoetty guar tt, 
vhenoe ot +f (u) 40, 
q=—ffeae - (26,23) 


which also determines the required boundary value for 4 . In the 
particular case when ‘f(u)—=0  (contered waves) “gesconst . Since 
the funotion ¢ itself is given correct to a constant, then without 
deorea.ng the generality it is posible to‘assume y¢==0 on the 
boundary characteriatia, 

The region characterized by the general solution can also be joined 
on the left and on the right with regions characterized by general 
solutions or, on the one side, with a region described ty a partioular 
solution and on the other side by a region described by a general solution. 
There can also be the case when there are regions of partioular solutions 
on both aides of the region of general solution. The simple wave should 
always be joined on one side either to a quiescent region or to a region 
of fixed motion. On the other side there can be either a region of a com- 
plex wave or of a stationary weve, 


The region of disturbance desoribed by the general solutiona can also 


2¢s 


be bounded on the one side by a wall which leads to reflection and 
fraquently to a complicated interreaction of the various waves, 

The region of the general solution in a number of cases can be bounded 
on one or both sides by regions of disturbance poysessing different 
entropy, i.e. separated from them by the so-called particular or contact 
digcontinuity. 

The geveral solutions obtained, if the initial or boundary conditions 
are known, make it possible to solve a number of important concrete 
problems connected with the determination of the motion during reflection 
of the rarefaction wave from the wall, during bilateral outflow of ‘gas 
from the tube, the interaotion of the rarefaction wave with shock waves, 


ete. 


In § 25 we considered the motion of a rarefaction wave arising during 
the sudden removal of the right-hand baffle plate from the pipe. The 
solutions found by us for thig cage hold only up to tima f=4, , 1.0. 
until the rarefaction wave reaches the left wall at a distance / from 
the origin of the co-ordinates. It is evident that , 


a (27.2) 
After this, reflection coours of the wave whioh will be propagated through 
the already disturbed gas and therefore will be desoribed by general 
.8Qlutions of the basic gas-dynamic equations. 

| In Pig. 40 the oharactoristiag for the reflection process of a wave 


ae 


are illustrated.. 

In regions 1 andl! 
the gas is stationary; in region 3, 
it moves from left to right at a 
constarit velocity; 2 is the 
region of the incident rarefaction 
wave with straight-line C.. 
characteristios. Region 5 is that of 
a reflected wave with straight-line C, 


chars.cteristios. Rsgion 4 is a region 


of ioterayéion or mutual penetration Fig, 40. Reflection of a 
centered rarefaction wave from 
of two rarwfaotion waves in whioh the the wall, 


straight-line characteristics become 

distorted, For this region a solution of the gas-dynamio equations ought 

aleo to be found. This solution is completely determined by the boundary 

conditions, The first condition is that on the wall (ab) at x=—I. and 

any ‘t > t= é the velocity of the gus is identically equal to zero, 

‘Gubatdtuting these conditions in relationahip (26.4) 

smat—H, 

we will have 
Meds, (27.2) 

The second condition is easily found by considering the boundary joining 

the reflected wave to the incident simple wave, This boundary is the 

seotion ao of the ‘C, characteristics arising at tho wall at time f; . 


Therefore on it we should have 
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B+ 2 ¢=const. 


a—1 
On the wall (at point a) u=0 and = const= — cy, . On this 

boundary, as was proved above, we should have ‘»=0 . Thus, the 
second condition gives 


2 


n—!l 


(4 — ¢), $ = 0. 


ic 


(27.3) 

Starting from these two boundary conditions the arbitrary functions Ai 
and .fFy, oan be easily determined. 

Expressing ¢ intermsof j , we obtein for the characteristic 
at the join 

ue VIQNET VE —VIl., 
In this case the arbitrary functions will depend on the. arguments: 
FR VIQNTDES A= PalYTONFHCVT Vad], 


It is possible to prove that i Fy 0 and the function always satisfying 
theses conditions is 


“1b ak YT toa? 
$= oy ore! o , 
(27.4) 


p=Rim(a2ic), R=2(2N+1), 
Detailed consideration & this problem oan be found in STANYUKOVICH's 
book "Neustanovivahiyesya dvizhenlya sploshnoy sredy" (Unsteady motion of 
a uniform mediun). 
We will now introduce some important results of calculations, obtained 


from the exact solutions derived above. 
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The total impulse ‘acting on the wall is determined from the 


relationship 
1=tY 2M Ex, 
(27.5) 


where M, and <x, are the total mass and energy of gas in the state 


of rest, 


=VINGS « QN-+1)! 
t= VINTS BNFINI (N+ IT 


The value of «= for various values of n and WN are given below: 


We can see that the value of t depends little on the value of  . 

The determination of the parameters in the reflected wave at «=3 
presenta a problem of great interest to us. 

Talcing into aooount that in the case under consideration F,=0 
equation (26.17) gives 


=F, [V2-+4). 
Also on the wall (v=—l) om Q 3; from the relationship xmut—at 
we have Hoje AV)  . After integrating between the linits 


t to ¢ we obtein 
' e(VI)=V-Vin). 
Thus, function ¢ will have the form 


p= l(VR—Viie + w). (27.6) 
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Algo it is posalble to determine the pressure p, at the wall 


after the advent of the rarefaction wave. For this purpose, starting 


from (27.6) we determine that 


OY to. J al 
4 a yu 6° 
Because cm pin , then 


not 
f=(2)*. 
&, g 


which at n=3 leada to the following relationship: 


Pin (fH, 
sy (ar): 

(27.7) 
i.e. the pressure 7, at the wall usually decreases as the iaverse 


third power of f{ . For other values of 4 very much more oumbureome 
relationships are obtained for pp, . 


We will now estimate the pressure 2 at the points (on the line) 


of the join of the reflected wave to the inoident wave, On the basis of 
(27.3), the following relationship holds on this line 


u=—2(e, —¢). (27.8) 


The equation of thia line which isa C, oharacteristioc can be found 


from the condition 


A mute, 

Substituting here the values of u and c from (25.9) we find that 
* dx 4 3—n 

Integrating (27.9) and taking into account that the integral line should 


pass through the point [x=a—/ at 


~ 
t'. 


fai, we find that 
oa . 
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wh mT (27.10) 


For a travelling rarefaction wave 


x=(u—e)t. , (27.11) 
From (25.7), (27.10) and (27,11) it follows that 


tte \TGED 
. =I 
ta (eye, 


(27.12) 
This expresaion determines the time of the encounter of the reflected wave 


with the incident wave. Express...[ 6 uk Cu a ae bay 
we find that 
a. 
att 
P=( Gf ) - - 
. , (27.13) 


In the case of 2=3 


(27,14) 
i.e. the rresvare in the reflected wave does not depend on the co-ordinates 
_bat only on the time, which is an important fact that simplifies all 
calculations in the solution of a number of conerete problems connected 
with the motion of detonation products of condensed explosives (refleotion 
of a detonation wave from a wall, eto.). 

It ig interesting to determine the pressure 7: at the section *=0 
‘doe. at time ‘+= /,; , when the reflected wave reaches the origin of the 


co=ordinatea. For this moment on the basis of (25.10) we obtain 


a2a7/ 


and 


n+i 


4=-—(* + Da 


Whence it follows that 


(27.15) 
“which for a=3 gives #2 =. 
Below, the values of a (for it=s=t, ) are given for various 2°, 


obtained as a result of exact solutions. 


These data show that in the reflected wave the pressure and consequently 
the veloaity of sound ¢ varies little with the .0-ordinatesa for any 


values of nh. 


re-l . oad an 


Mig, 41. Distribution of «and « ina gas during reflection of a 
centered rarefaction wave from a wall, 


ATe 


The distribution of 4 and c inthe gas for the case under 
consideration is given in Fig. 41. 

In the case a=3 , as has already been said, p and ¢' are 
only functions of time and do not vary at.all with ¥* 

The solution for a reflected wave in the ge aral case (a #3) its 
extremely complicated and unsuitable for a number of transformations, By 
conaldering the slight variation of pressure with «x , STANYUKOVICH 
obtained a simple approximate solution for the reflected wave which 
guaranteed good acouracy. For this purpose the pressure acting on the 
well in the reflected vave is expressed approximately as 4 functhon of 
time by the relationahip . 


ote ef h 


. (27.16) 
where & and 7° are constante. 
Omitting the corresponding deductions, we will only state that these 
oonstants are determined by comparing the results of the exact and 
approximate solutions according to the formulae 


hy ae ‘ 
Se 
fay 2-1] 
of 1 ‘ 
TS hn I —h 
atl 6 wnt 
nl 


(27.17) 
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Below, the values of & and -—- are given for various 1 . 


For a comparison of the accuracy of the results we will carry out an 
estimate of the impulses acting on the wall during the outflow of gas into 
a vacuum in an infinitely long tube: 


e ct 
8, 
(27,18) 
Also, taking into account the well-known thermodynamic relationship 
A =£ hich in the given case gives pal E, (nmi) (where Ey 


ia the total energy of the gas and ‘/ its initial volume, because the 
cross-sectional area of the tube is unity) and writing ¢, in the form 


“Pal aE, 
anf =f Sr. 
" a (27.19) 


where M, is the total mass of gas, we reduce equation (27.18) to the 


form 


7 
n—I ta 


1=ViEM, Vt “h-1 


and carrying out calculations for various . , wa find values for §, 


which are very cloge to the corresponding values of & obtained as a 
result of exact solutions, 

The application of this 
approximate method facilitates the 
solution of a number of complicated 
problems of an applied character, 

In conclusion we note that the 
problem of the interaction of two 


identical centered rarefaction waves 


emerging simultaneously (at {= 0 Pig, 42. Interaction of two 
identical centered rarefaction 
from the points *=0 and += 2 waves, emerging simultaneously 
and progressing towards one 
and propagating towards one another another. 


48 evidently equivalent to the problem considered above of the refleotion 
of a rarefaction wave from a wall at distance i from the open end of a 
tube (Mg. 42)... 


8 28, of gag from a cylindyt : i 
into a pipe, 


The preceding problem is generelised as follows, 
At the moment /==0 the gas begins to flow out of the right-hand 
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end of a cylindrical veasel of length / into a tube of the same 
diameter. Within some interval of time  +- (0<+<Z) ; 1.e, after the 
first rarefaction wave reaches the left-hand side of the vessel, outflow 
of gas begin from the left-hand side. During the interval of tine 

O<t<g+ , the whole process reduces to the propagation’ of a simple 
wave moving to the left fram the right-hand side. 


dnteraction 
of rarofaction 


a) a) [ 
} 


Rogion 
of propagation | 


Z_ of sinple wave (I), 


Fig, 43. Interaction of rarefaction vaves during the bilateral outflow 
of gaa into a tube ocourring non~simultaneously. 
4t the moment t= , tha propagation of the second rarefaction wave 
beging from the left-hand end to the right. Let fms, be the moment of 
encounter of these waves, while it is evident that <0 <i ° 
During the interval of tima agil<du ; we have an undisturbed 
medium between the fronts of the approaching waves, i.e. we will be con- 
cerned only with the motion of simple waves, 

At time ti , a8 @ result of te interaction of waves / and // , 
a new complicated wave arises which will be desoribed by the general 
solution, since its left and right fronts will propagate through the 
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disturbed gas. The general picture of the phenomena under consideration 

4a given schematically in Mg. 43 with the help of C characteristics. 
The problem of bilateral outflow of gas into a tube was first solved 

by STANYUKOVICH. The results of the corresponding calculations are given 


below. 
The masses MM , the impulses / and the energies EE of the gas 
flows to right and left are determined from the following relationships: 


Ma fat ORH1 )! ; 

JM (1+4 T RUR+ 112 a]: 

oy (2R +1)! __8—n 
Maz [1 aoe | R=Fa3" 


For inm3° we have 


BS: 


M, ne My. aT a 
MyaB(L +), M=gt(i—4y). (28.2) 
Male [ ¢yt (2R 4-1) (2k) - 


ee CT ane DORE + Heche er | 
Ig mu Me (22.4 1) (2RD! 
aoe:  (F eeen ORTH -ettvemta). 


&t “nad ve will have 


Mo 
ham #1 | 7 
oe fra] (28.2) 
or substituting c= Va(n—l)e where «, is the specific energy of 


the gas, we obtain 


ha=yV IE, [TV + i]. 
(28.3) 
The energies are caloulated from the formula 


wn SE ca (2% -4- iji J ; 
: Bay Zant ypfantt rea aca WET ]. 
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which at am3 gives 


(28.4) 
The indices 1 and 2 refer to the right and left flows, respectively. 
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In 6 23 1t was shown that during the propagation of a simple 
oompresaion wave a shook wave erises which is characterized by an 
infinitely ateep front. 

In fact, let some disturbance of arbitrary emplitude be given which 
runs, for example, in the positive direction of the * exis. We sball 
find the veloaity of propagation of any given state of the medium. Let Pr 
recall that for simple waves all the parameters of state (p, 4, ¢) are 
‘connected with the velocity u by a single-valued functional variation, 

At some time /, at the point +, let us assime the valuce u=y ; 

c=é., These values should satiafy the solutions obtained tee. 

Ge) +F i. (29.1) 

We will now determine at what point +x, the valuesof u and ¢ are 
the same at some time 4>1, « It is evident that the point x. 


ahould satisfy the equation 


a= +04+FQ). 


(29.2) 
From (28.1) and (26.2) we find that = 
BoM G45, | 

; (29.3) 


From this it follows that the velocity of motion of the given state of the’ 
nedium is u+¢ . <Any two states, characterized by different valuss of 
u and c¢ will be propagated at constant but different velocities. 
Because of this, the disturbance cannot be propagated unchanged; points 
characteriaing the parameters of state of the medium for which u+c ie 
greater, for example, the wave crests, i.e. 
the places where the density is a maximm, 
will move more rapidly than other pointe 
a for which the values of u+c are 
| Zz, | , considerably leas. This ia evidently 
\ explained physically by the fact that in 
y @ more compressed gas the velocity of 
sound is greater; a more compressed gas 
- lad possesses 4 greater mags velooity in 
Fig, 44. Deformation of the same direction as the propagation of 
a wave of finite amplitude. 
sound. 

As a result of such a propagation of the disturbance, the wave will 
be deformed, The regions of compression (wave orests) will be displaced 
forward, the regions of rarefaction, on the other hand, will lag behind the 
general average flow of the gas - the wave crests will become steeper ard 
steeper until finally its front becomes vertical (moment of formation of 
shook wave). The intersection of ths characteristics, shown in Fig. 35, 
also reflects thig phenomonon. 

If, however, the pressures are caloulated at later moments of time, 
then many~valued funotiong are obtained, acoording to which one and the 


same point +x oan have simultaneously three different values of pressure 
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and density, which 1a absurd from the physical viewpoint. 

The character of the deformation of a sinusoidal wave of finite 
amplitude, derived from the obtained solutions, is shown schematically in 
Fig. 44. 

The reason for such results being obtained with no physical meaning 
‘1s because tha original differential equations in gas-dynauics which we 
used only hold until discontinuities occur (Fig. 35). In fact, the 
occurrence of jumps and of surfaces of discontinuities (pressure, density, 
temperature) indicates a change in entropy of the system and in de: ving 
the solutions we negleoted thermal conductivity, i.e. we assumed constant 
entropy. 

When the temperature gradient (32) dnoreages without limit in the 
motion of a wave, then even for a low ocefficient of thermal conductivity 

4 the flow of energy re » transferable hy thermal conductivity, 
should also tnorease without bound. From this it is evident that for the 
processes connected with the origination of large temperature gradients it 
4s surely necessary to take into account the thermal conductivity of the 
medium. 

The ooourrence of discontinuities thua leads to an increase in 
entropy, 1.e. to a dissipation of energy and consequently implies a poware 
ful damping of the wave. 
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CHAPTER VI 
ELEMENTARY THEORY OF SHOCK WAVES 


30. Basic Relations 


Shock waves play a very important part in the propagation of deton= 
ation wavea; they are of major interest in relation to the mechanical 
effects of explosions. The theory of shock waves was founded in ths 
second half of the 19th oentury by RANKINE and others; RANKINE'S. work, 
in which he made allowance for thermal conduction, was the earliest, 
in which the basic differential equations were derived. This system of 
equations has, so far, been solved only for the special oase of a steady- 
atate planar stepwise density change. The basic relationships for 
steady shock waves. may be derived direotly from the conservation lawa, 
The following is a deduction of the basic equations. 

First of all I consider the general conditions at the front of a 
general shock wave, which need not be moving uniformly, The front is 
the surface at which there are discontinuities in the parameters for the 
state and motion of the medium; the basic laws for this front in 
general are found by considering the behavior of an element of the sur- 
face during an i:definitely small interval. i employ a rectangular 
coordinate system ‘hat moves with the element, the x’axis being normal 
to the surface (Fig. 45). The speed of the wave ig then the apesd at 
which the element moves along the ..axis. 

The laws of conservation (of mess, momentum, and energy) apply to 
the surface; the law of conservation of mass implies that any flux of 


matter must be continuous across the element, That flux, referred to 


2b 


unit area, is pu, in which p is density and a ia the component of the 
flow velocity along the * axis. Let subscripts 1 and 2 respectively 
denote the unperturbed and perturbed sides; then-.the law of conaerv- 


ation of mass, as applied to the front, ia 


_ Fae Pa (30,1) 
The law of conservation of momen- 
tum is used as follows. The con- 

>| dition for continuity in the .x 


component of the momentum flux is 


- ‘Pips = Pact pt (30,2) 
The conditions for continuity in 


Fig. 45. Deduction of the 


relationships at the surface the y and:z components are 


——s 


of discontinuity. 


Pals Ds = Pallas (30 ,3a) 
puts, mm pally. (30,30) 
The condition for continuity in the energy flux ‘ds 
in (-44) =n (+6).- (30, 4) 
inaViparer Fo, . neVETATa, reo, (30,5) 


in which 9,' and m are the total velocities and fmt po ie the enth- 


alpy. Then (30,1) gives (30,4) the form 


“Bineden (30,6) 
To these six equations we add the equation of state 
p= fie, T), (30,7) 


which is assumed to be known. 

The absve equations define the conditions at the front completely; 
we may use them to find the parameters for tha state and motion of the 
perturbed medium in terms of the parameters for the unperturbed mediun. 

There is no flow of .the medium through the surface if yy 0 
(30,2) implies that p,=p;. The density, and the tangential compon- 
ents v'and w, may undergo any changes acrosa the surface, The dis- 
continuity is called tangential if the values on the two sides are’ 
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umequal for one (or both) of the tangential components; the density may 
or may not change. across the front. The discontinuity ie called 
special if o,= 0). and to Wa but pit'p: . 
A flow of matter through the front must imply that 
Ha ts tO (30,8) 
then (30,3a), (30,36), and (30,1) imply that 


Vy = U4 @, Sy (30,9) 
(the tangential velocity components are continuous across the surface), 
The pressure, density, and other thermodynamic parameters then have 
discontinuities at the front; the above system of equations becomes 
. . ~ ut a : 

‘pits pt, Prtaviee pte thes th (30,10) 
The flow is normal to the front, and we have rr straight shock wave, if 


ay 0: but Dy moyen and ws = ws 0 ; the wave is spatially 
oblique if UL Uy 0 and w, w, #0. The wave is called simply 
oblique if one of the tangential velocity components ia zero. The above’ 
reletions are applicable to a front of any shape. 

The front (surface of discontinuity) moves at a speed Dalong the 
normal to the surface. It is always possible to choose a coordinate 
system such that the motion of the surface occurs along that normal; 
that system is called fixed, to distinguish it from the system in which 


our element of the front is at rest. The velocities uo, and “uso in 


the fixed system are . 
Nyy = 4, +2D, Hay = ta + D, (30,11) 
so (30,10), with wmy=ww,=0, , becomes 
A (9 —D) =pa(to—D) +A (419 — D)* = py + Pa (Hg — DY, 
bh (tig =D) + 5 (ty — DY | 
Now I turn to the basic preperties of shock waves, which are con- 


(30,12) 


sidered in relation to a plane straight shock wave. 


31. Plane Straight Shock Wave 


Consider a density step propagating from left to right at a sapeed :.D 
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in a cylinder of unit cross-section. Figure 46 indicates the para- 
meters, of whic. uy #0. This motion uy is superimposed on the motion 
of the front, so the effective speed 
of the step in the medium is Dm uy 


and the flow speed behind the front is 


ua— ti, « vonsider a coordinate system 
moving in the opposite sense at a 


Fig. 46. Motion of a . 
speed D; the entire medium must. b 


Plane shock wave. 
assigned a velocity -D (one from right 


to left), which leaves the front AB in a fixed position, The consery- 
‘ation laws then give us the relationships we need. 

The medium to the right of AB moves to the left with a speed D—uy; 
the medium compressed by the wave moves to left and right at speeds . 
D—u; and D—u, respectively. In one second a mass of gas that initi- 
ally took up a volume ‘D—u; acquires a volume Deus; its right bound- 
ary CD:moves up to AB, while its left boundary AB moves to CD,» The 
masses in these two volumes are the same, so | 


ps (D — 2,) = py (D — te). (31,1) 
which is simply the law of conservation of matter. NEWTON's second law 


is 
Fi= Mu, | 
. : ; (31,2) 
in which Ff is force, f is time, and Muis change of momentum. Here the 


force is produced by the pressure difference p,—p,.; the time is taken 
to be unity, so the law of conservation of momentum becomes 


Po— P= Pi (D — 4) (tg — 4). (31,3) 
The internal energy of unit mass of the medium is :E; the kinetic energy 


- 
of unit mass is a . The motion of the medium requires an intake of 


work equal to ( pamy—piu.:) in unit time, which, referred to unit mass, 


GS 


becomes 


‘ Palla —- Pilly 
(D — ay) 93° 


The work done by the pressure goes to change the internal and kinetic 


energies; the energy-balance equation is 


H . 2 a 
* Palig a Pris an’) 
Spa hts mE, 6)+(g-F). 
This may be transformed by putting (31,1) in the form 
Dau Dm ty. 
A Va 


(37,4) 


(31,5) 


in which umJl/p-4e the specific volume. We multiply both sides by 


Wis - to get that 


(D — 4,) % = —-4,) 9, 
and so 


D <= G04 _ urhal 
uy * 


‘Subtracting wy from both sides, we have 


Damo Bt, 
M = D— uy = Ug Uy. 
. . Wy Won, 


whence 


Further, (31,3) gives us that 


Mw OE ce PPI 
yy Ug uy 


Comparison of the last two expressions shows that 
ty — ty =~ VP Pi) (a — Ms 


The speed of the wave is then readily found as 


Dru =Uy Arf, 


Then (31,6) and (31,8) enable us to put the energy equation as 


. Pam Pr 


“B—B=} (a) fe Pa Pith — Cay oh ty)] te — u,)?(22b4) 7 


PrP 


which gives us that 


Aw k mn Paths (u— 0%). 


(31,6) 


(31,7) 


. (51,8) 


(31,9) 


This is called HUGONIOT's equation; it is used to relate the parameters 


of the medium on the two sides of the front. 


For an ideal gas, and for any medium that obeys the polytropic law 
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puk = conatant, we have that 


Eoe T=. 
° k—l : (31,10) 
Pv —, ‘ 
Agar Bee 
Simple manipulations give ua that 
byl pa y+ pa 
A bl Pa Aa be tpt! 
A &tl a Tine 7 tw 
vl of lA 
which becowe 
Pa (ht Nea —(h— Hen ogy CEN) pa th 1) 
a ODUM Pyar ashe (31,11) 


if kj==kj=k (if the change is not too large). These equations 
express the shock adiabatic or HUGONIOT's adiabatic; this adiabatic 
represents the law of conservation of energy and is applicable to shock 


waves in polytropic media (it is analogous to the ordinary adiabatic). 
‘Properties of shock waves. The above relations are 
—4,=4 = V(p—pi) (%— Ui, 


D—u,=D «= UY aa), (31,12) 
E,—E, Pat Ps (0, — %); 
p=f(p, 7). 


This is a system of four equations in five unknowns; we can determine 
four of the parameters if the fifth is given. Table 49 gives the para- 
meters for-shock waves in air for various values of A. j it ie con- 
venient for future use to express the basic parameters ‘uz, py » and Oy 

as functions of ¢,, the velocity of sound in the unperturbed mediun. 

We put 4,—=0, u4=u ., and use the equation of state for ideal gases 

to transform (41,3) to . 
(31,13) 


Table 49 
Parameters of Shock Waves in Air 


Initial atate: 


py eal ata, py 120981078 g/en3, 7, 22 273K, cy = 333 w/ sec. 


Pu keg/ont | B TK m a nfaec| cy /aac,| 0,2/a00 
1,23 336 
1.76 482 
2,26 618 
2,58 705 
4,12 1126 
5,57 1532 
6,95 1898 
8.28 2260 
9.53 2660 


-- SEZEGEeace8Se8iceseessen 


. 10, 
’ 1}, 
4 11, 
55.6 12 
60,6 13 
55,2 13. 
1 70.0 19100 14 
1 b18 | 22330 | 15 
1 ' 92,7 25310 17, 
108.2 | 2 18 
120,4 20, 13700 3160 
1H/4 22, 15050 3340 


ow 


Here we'inaert the ¢, of (31,5) and the 7, of (31,10), with ‘kjmksmmk , 


to get finally that 
. 2 ey. 
gm gt (i —#), (34,14) 


“(here ch oa Bs. ). The wof (31,14) 18 inserted in (31,13) to give 


ua that 
Dee > a 
Pa Pm bpm DX <p, (31,15) 
Further, (31,5) gives us that 
- 2 rst 
note tl —f). (31,16) 


These equations give ua the basic relationships for sound waves; if 
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PoP, and tym 4 


= dp 4/ @® 
D=% du ap ou 


Here ‘u=0 (the medium is at rest), and (31,9) becomes 

_ dE=— pay, i 
which is the uaual adiabatic law ‘pu" = constant for an ideal gas. ‘The 
previous relationships imply that 
‘D>c and |w>0, with u<iD, fora 


shock wave; the medium is disnlaced. 


in the direction of wotion of the front, 


Alan 0) but at a lower speed. The shock adia= 


f 


er Et 7 batic plays a very important part in 
Fig. 47. Hugoniot curve the theory of shock waves} the rela- 
(shock-wave adiabatic). tion may be represented as a& p=-0 


diagram (Pig. 47), which provides a 
simple and convenient means of examining the behavior of shock waves. 
Through A (which represents the state of the unperturbed medium) and B 
(which represents the state behind the front) we draw a atraight line, 


for whioh na 


uy— - 
in which a is as shown. This shows that a defines Dand ‘wu completely. 
Any point above A on the curve corresponds to a shock wave, because 
D>0 and ‘u>0; whereas below ‘Awe have that (a — pi) <0 and 
(vj — 02) <0" , 80 D>0 and u<0. This means that the medium is dis~ 
placed in a sense opposed to that in which the perturbation propagates; 
that is, we have a wave of rarefaction. Now Pa-> Pi and ‘Uy vu; 


.4t the limit for a weak shock wave, 50 
* Dan Vuna= 0, —Z. . 
which means that the shock adiabatic becomes an ordinary one; the two 


have a common tangent at-A. 
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The entropy increasea as we pass from 'A to B along the shock~wave 


curve; for an ideal gas 


dQ=pdo-tea?l, i (31417) 
50 aQ ar 
Fada Edutey se, | 
which gives ua that dS==Rdinu-+ ty din T. 


The integral 1a _ . _ 
S— Syma Rinv + cylin Tealn(v* 7"), 


(31,18) 
We replace 7 by ipand v.to get that 
i ’ LA 
6 S= in) 
and so . - 
4 ig-8y 
eR ane (31,19) 


Now o,mp.% for the snportasbet medium, and jsp oi" for the per- 


turbed medium; inserting the 'v, of 31,11), we have that 


. , 
ompotma [Pepe it Rey aan 420) 


That is, the larger Pa the greater the entropy increase. It oan be 
shown that (22), >0 is the condition for a shock wave in any 
medium. a : 

To the’ above relations we may add one for the tempsrature at the 


front for an ideal gas. Here pum RT BO 


ly ‘ Me Ay (31,21) 0° 
a Pafhi\) P\ —— 

“ Tr A (H) = A poe 

' ot - me 


ee neers ee mee) ser 


in which the “prime denotes the parametera of the medium for the shock 
wave. Shock compression causea the temperature to increase “with the 
pressure more rapidly than for normal adiabatic compression; the 
reason, as we shall see, is that the density at the front remains finite 
at 10-12 timea its initial value even when p,y-+00. A normal adiabatic 


process obeys the laws 


ATO 


k-1 wa 
Tec@ocp *; pocp*, 
( 
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kol 
Pn = (2) 
and ra Py 
‘ _— 1 41 Po 
%-@)' @) -@,@) -@ 
Te rt \ba ti/y \Pa ra Bel py’ 
oo, oe . &,—I1 p , 
in which subscript a denotes parameters for normal adiabatic compression; 


(31,22) 


(31,21) and (31,22), with hi =hy=k .. become 


Tr pa kt Nt h— Dy Ha 
7 1 ODO A (51,23) 


Te F(AtD + oD ce 
7° GG) eee (31,24) 
Equations (31,14), (31,15), (31,21), (31,23), and (31,24) take 


particularly simple forms if ‘p,->p. : 


w! = peyD! _G2425) 
Pam pth" (32.26) 
to kt) 7 y 
nn k—1' (31.27) 
7; k—-1 | 
7 = erse (31.28) 
I tT GR) 
_ = (Oy Fi (32.29) 


Equation (31,27) shows that the density does tend to a definite limit, 
whioh is dependent on k. Table 50 gives values computed for air by 
Burkhardt on the basis of revised values for the specific heats (with 
allowance for dissociation and ionization in the shock wave); for 


example, Ty = 30 000°K «and - an = 9.5 for Fh= 3000 . Figures 48 and 


49 compars these results with those given by classical formulas based on 
the assumption of constancy in the specific heats. These results show 
that D and ,po vary little with £ if the gas is ideal. Further, the 


classical methods give the 7, for a ‘given ae (="*) too large if the 
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Table 50 
Parameters of Shock Waves Producing Dissociation and 
( 


Ionization 


‘Initial atate of airy: 


A=l ata, 7; = 273" K, 9p = 1.293 - 1078 g/on3 


heat capacity is assumed to be a linear function of temperature; for 
example, 7, comes out 20% larger than BIRKHARDT's value for a-# of 3000. 
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Fig. 48. Ratio of the speed of a shock wave to the speed of 
sound as a function of the pressure ratio for an ideal gas 


and for air. 


The really large discrepancies eccur in ft 


ran though; 


dissociation 


ATL 


and jonization are very important at high temperatures. The number of 


particles increases, so the density tends to decrease. The density 

es ee i $4 567800" 4 eee 23. 
ow P18 
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Fig. 49. Ratio of the densities ad a function of the pressure 


ratio for shock waves in an ideal gas and in air. 


given by the classical formulas is 2.3 tines that found by BURKHARDT for 
a mw of 3000, for example. Figure 49 shows that the density may even fall 
as 7 increasés at the higher 7, because dissociation becomes very impor- 
tant. Tuble 50 indicates that Ht m9.5 for air at the limit, so 
hg 1,23 . (The theory of dissociation and ionization in shock wavea 
is dealt with in section 35.) 

The conclusions to be drawn are as follows. 

4. The speed of a shock wave is always greater than that of sound 
in the unperturbed medium. : 

2. The parameters for the state and motion of the medium show step- 
wise changes at the shock front. 

3. The medium behind a shock wave is displaced in the sense of 
motion of that wave. 

4, The speed is dependent on the amplitude, which is not so for 


sound waves. 
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5+ The entropy increases (dS:>0 ) when a shock wave is formed. 

6. A shock wave propagates as a single step in de sity; it is not 
oscillatory. 

So far we have considered a shock wave as representing discontin- 
uities in pressure, density, and temperature (Fig. 50); we have con- 


sidored the parameters on either side of the front, but we have not 


, sl la 
bd 
| 
| 
| 
| 


_ z é 


figs pU. Fressure in an ideal frig. 51. Pressure in a real 


shock wave. shock wave. 


examined the structure of the front itself. The viscosity and thermal 
conductivity prevent the gradients from being indefinitely large} the 
front itself takes somewhat the form shown in Fig. 51, and thore is a 
very narrow transition zone between the planes A and #. This zone con- 
tains only a very small amount of matter, and ita thickness remains 
‘constant, so we were justified in neglecting the prooesses in this zone 
in the above treatment. The shock adiabatic uniquely defines the final 
state behind the front, but it tells us nothing about the changes in the 
frontal zone. These changes cannot be considered unless we introduce 
the viscosity and thermal conductivity, which have no effect on the 
relation of the final state to the initial state. For example, the 


equation 


Diy BoA 
1Ou— uy 


was derived from the laws of conservation for mass and momentum; it is 
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correct except when viscosity effects are present (as at the front), for 
these alter the equation of conservation for the momentum. 

A study of the differential equations as corrected for the viscosity 
and thermal conductivity reveals that the width d of the front is of the 
order of the mean free path for the initial state. 2EL'DOVICH has 


shown fron the kinetic theory of gases that 

dal as iZ, 
in which / is the mean free path; TAYLOR has assumed that the ratio of 
the kinematic viscosity to the thermal diffusivity is one, in whioh 


case d for air is ; 


d= 4x10 om, 
(Ap in atm). These expressions show that d is of the order of .: for 
strong shock waves ‘(Ap > p,). 

Finally, equations based on the assumption of continuity describe 
the behavior correctly only if the parameters change relatively little 
within..a mean free path. This means that the results they give rep- 
resent only a first approximation. A more detailed examination 
involves a study of the behavior of the various internal degrees of 
freedom of the gas. 

The specific heat for very rapid changes (as in shock waves) may 
be appreciably less than that for slow changes. A gas molecule carries 
energy of rotation, vibration, and forward motion; all those increase 
with the temperature, and additional degrees of freedom associated with 
excited electronic states become significant at high temperatures. 

The various degrees of freedom do not take up energy equally readily; 
the forward motion and rotation do so almost instantaneously, but. the 
vibrations respond relatively slowly. For example, the time needed’ to 


reach vibrational equilibrium is about 10-é sec for ‘CO,. One result of 


275° 


this is that the velocity of sound increases with frequency; this is 
aquivalent to a reduction in the specific heat, which itself implies.an 
increase in 4, because C=a « The slow response of the internal 


degrees of freedom affects the structure of 


the front, because the compression is very 
4 


rapid. Dissociation is also a process that 


: <= 
Fig. 52....Structure of takes an appreciabla time. Zel'dovich 
a strong shock wave in states that a atrong shock wave starts with 
a £aB showing slow res- a discontinuity, which has a width of the 
ponse in its degrees of order of the mean free path and which shows : 
ad freedom. . no appreciable excitation of the internal 


degrees of freedom. Following this there is © 
a fairly gradual rise over a length of the order of Dx (in which ¢ is 7 
the excitation time); Fig. 52 shows the structure. A detailed quanti- 
tative study confirms this; the front consists of two parts, one having 
very large gradients over a distance of a few times the mean free path, 
and the other (a few mm wide). having comparatively small gradients. 
Tdpler photographs confirm these theoretical deductions. 

32. Oblique Shock Wave 


This type may arise when a flow whose speed is constant strikes an 


inclined plane (Fig. 53). At the junction .& of the two planes there 


Fig. 53. Formation of an oblique Fig. 54. Supersonic flow 
plane shock wave; S is the front. around a wedge; two shock 
waves. 
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arises an oblique shock wave; the flow is turned abruptly through the 
angle 4 vet.een the planes, whereupon it continues with a fixed speed 
This occurs if 0 is loss than sone limit. Again, a flow around a 

wedge (Fig. 54) produces two shock waves; this type may be derived by 
combining two flows, one for each 
side of the wedge. Let us con-~ 
sider first a plane oblique shock 
wave, in which the incident flow 


makes an angle with the front 


(Fig. 55). Let g, and ig, be the 


Fig. 55. Rotation of the flow speeds of the flow on the two 
after passage through an sides, and let 4, and u, be the 
oblique shock front. projections of those epeeds on an 
1) Front; 2) flow axis parallel to the front. The 
direction. equations for the laws of con- 


servation then become 
‘ Pills = Pallas h+fe 24, 
Pitt = pat pi, Y= 0p (32,1) 
Here (30,8) and (30,9) imply that 0) = 03 and wj=wym0 (two-dimensional 
case). The direction of the flow is altered, because a ». Ug but 
Mg, a8 (32,1) shows directly: 
ah <i). 
Let o be the angle between the front and the flow direction behind 
the front (Fig. 55); then 


‘y= 9, 8iN9, ,= 4, COS g, (32,2) 
Un = Ja SiN w, W=qgcosu, | ' 


in which g, is the resultant of u, and v,, and g, 1s the same for ‘W,, and 
‘v,» From (32,2) we have that 


j 5, U8 in 
— = tan == 1 
% rly a 
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but v;=t , 60 
Vo _ ht ne 


4 fo ten (32,3) 
which means that w<@. The angle turned through by the flow is 


dmg , 60 (32,3) may be put as 
uy alg 0) 
iy =t tang (32,4) 


whereupon (32,1)-(32,3) give us that- 
Pa — p= put — 1) = og} sin? (1 —#): (32,5) 
The energy equation for a polytropic nedium gives us that 


_ Gt DA th—Dp 
ET Py = T) Ps” (32,6) 


Then the f° ot (32,5) gives us that 


Py 
2 


9 “a ; 27° - 
pom i [sinny — 4 5a] none gel site —F], (32,7) 


We may find a relation between. ¢, and : 4 } by combining (32,4), (32,5), 


and (32,7), which give us that 


sing (1 —“2=9) 2 [sine] (32,8) 
“and thig may be transformed to 


coy = (2) int [At eee 9), (32,9) 


This gives us b=f (9), 80 py and 4, way be found. That is, we have a 
complete solution for the parameters of the flow behind the front if Pir 
“ pry ws, and @ are given. 
/ Yy A necessary condition for a shock 
wave to arise as in Fig. 53 is u>a 3 
Lia that is, the normal component of the - 
speed must be supersonic, not merely 


Fig. 56. Shock wava de- . 
& 2 1 the speed itself. Then Urn in 


tached from vertex of cone. every case, because ¥4>0. It can be 


1) Front. shown that there is a limit % such 
that for -@>% the shock wave becomes 
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detached (Fig. 56); the shock wave becomes straight on the axis of 
symmetry. Further (purely adiabatic) compression occurs in the region 


Oo’; the pressure at Of is given by 


dt hota 32,10) 
-aehty, ho G (2) , 


in which jj and py are the enthalpy and pressure at 0’. Now 


=f 
4=F1> 
s0 we have that 
, ne 
Py k--1 pay \*m) f 
fa (i +a owe) ‘ (32,11) 


The uy pa, and ty appearing here are given by the formulas for straight 


fronts (v,muge0) -; (32,1) and (32,6) give us that . 


olin Beatie 


fa EY) Pat TY ig 
(32,12) 
wl _ ltmtact nt 1) Py (& 1) putt hp . | 
, (EFDA eA i w—(k— 1) py | 
acd so ee 
io (k=) ab + 28 Veer 
a =['+! oe ar. *, (32,13) 
. a4 . 
If w= ¢,poep, , and a 
ta a , 
—1\41 )— 
Ban (Agee POM 
Tf apa, oN , 
. 4 h 0 
of k— 1 - ku] 
Ba Bethy an tg 4 Ha (2,18 
At the limit, foe “ , When k=], in the first case; in the 


é . . 
second, tem | Ls That is, the pressure increases only slightly within 


the adiabatic zone if the shock wave is sufficiently strong. The angle 
&) is given by (32,9), which we put in the form 


ta (y— 1) atot, 4 
re | (&+1)q3 ain y 


Then, because 


tas und 


ia (9 0) = ae (32,15) 
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we have that 


2 
i ” 


For simplicity, we put cot daa and tan go=y, with k=", , which 
gives us that . 
3 (9 +5) — Say?(3— 1) + (68 +5) y +5a = 07 
¥° (3 +5) — Say? (3 — 1) + (68 +5) y (32,17) 
This shows that y?-3'1/( 8-1! ) for any k when @==0, #0 
. ; 4 
; sings 
which is so for sound wavca. This y is always positive, because the 
physically significant range in ¢ is 
0<egs: 
Equation (32,16) becomes, when pl, 


yay tao (32,18) 
and so - 2 7 
a a? A+ ‘ 
yore) wae (32,19) 


The solution is physically meaningful if ‘o> 1 » 80 


YS fe, (32,20) 


The relation of Bp to y for a given angle .0=9, is 
k _ 
1 Ar ye A yt oy (32,21) 
l= TET FT 
ee ED) 
in which a:=.o'6, . Figure 57 shows ‘pe=f(y)- for a>a., in which 
me VET 
This shows that there are two 
values of y for uvery RB Ar : 
the actual process usually 


corresponds to the smaller 


value of y (the weaker shock 


wave); the third value of y 


Fig. 57. The relation ‘f=/ly) . for '8>f). is negative and 


has no physical significance. 
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The limit Bo = (2), defines the smallest that can occur for a 
given 0,. ‘The two positive roots of (32,16) coincide when 2=—f), 

The flow conditions alter when 0>0.,and o>; the shock wave 
becomes detached. We can find Q=f(o ) from (32,21) and, by equating 


the derivative to zero, we can find the condition for minimal f: 


k+li+tyi 3-k 
a—a| + nl tae (32,22) 


The results for oblique shock waves are best presented by means of 
graphs based or snock polars, which relate the parameters of the medium 
behind the front to g, and @%.. Here we need the components of g, and 


¢; along the x* and y axes, the x axis being the direction of the inci- 


dent flow. Figure 55 shows that . ; 
ha=Jr Kiy==0, dep u,Sinp + Y,COS % 
May == Vz SIN Y— Ug COS G. } (32,23) 

We eliminate 9 v2, and vw, from these equations to get the equation for 


the shock polar as 


2 3 
3 r 1 qy-- — (G1 -- dea) 
iy = (9, — ty) Es ye (32,24) 
. 1 


(1 — Hee) FET 


This is shown.in graph form in Fig. 58. This polar enables us to con-. 
ty struct the oblique front (the 

line 0B) as follows. The direc- 

tion of 92. is given by tan -§= 


= (Fig. 58 corresponds 
om ; 


~~ iv. gi >c, 2; from Owe draw a 


Fig. 98. The shock polar in straight line at an angle ~ to 


the Wels “uy Plane. the horizontal axis to meet the 
curve at A and B. This result 
means that two modes ’of flow are, in principle, possible for the given @, 


¢,, and q, as we have seen previously. The usual mode is that corres~ 


ponding to 8; vector Of defines -q. The line of the front, which lies 


28! 


at an angle 9 to q@ (i.e., to OB), is normal to the line joining Bo to 
B, because the vector ( g.—4, ) is normal to the front. It is also — 
clear that %<@ (this has also been demonstrated above). Now A cannot 
exceed the limit 9 fora given ¢) and 3 this limit corresponds to 
the tangent OT. Now 0 increases with a and tends to the Limit 


. 1: 
-gin0g=-—, (32,25) 
when vee oo . A normal front (straight shock wave) corresponds to 


the point where the polar cuts the ua axis; then Bg = Meg Ch, . 

This polar gives us directly only relations between the velocities; 
the pressure behind the front is given by (32,7) and (32,8), and tha. 
density by (32,6). 

33. Acoustic Theory of Shock Waves 

If heel (weak shock wave), there is very little ohange in ent- 
ropy, s0 we may consider the wave as being almost e simple compression 
wave having a discontinuity at its front (the entropy is then constant). 
Let the wave transfer the gas from the state ( Pis Oy 4 ) to the state 
( pa Un uz ); dt is readily shown that the quantities for the final 
state after a weak shock wave differ from those for a simple wave only as. 
regards terms of order higher than the second. ‘To this end we put the 


equations for shock waves in the form 


Ny — ty = V (Pa—- Pi) (v, ay, 


Pa— Ps =P (ta — 1) (D — 4), (33,1) 
en wa Auf Po (Yo ~- u,); 
and so, for (ater , wo have 
Cy — 6, == 2 2 4 (a — m1), | 
tty tem +e, AE wats . 33,2) 


Pam Pi = 0 (a — 1) + aa (itg— Ji... | 


Further, we expand D'=D—u, in powers of (-t:—wxy ) to get 


Di = ky 0, +45! ym) +SEE aa (33,3) 


2gSL 


Substitution for ( u—mu ) from the previous ‘expansion gives us that 


D! = u,+-+ J (+02 — ty — 4) + bear (33,4) 


aa 
That is, tho speed of the shock wave is, to a first approximation, 
simply the mean of the speeds for small perturbations on the two sides: 


D=5 lth te +i +e). (33,5) 


If the initial state ( mu, %,) for a simple wave is a steady flow, we 


have that P 
My — 4 = FT (a — 1) 
. ” an a a 1 (33,6) 


= Po __ffa\® ta ps) 2. 
Then (33,2), with #2 a= (t2) 2a (Lf) , gives us that 


Aa=p[1 ee a 2k : . 


(33,7) 
a= +45! a 
Uy + Cy = hy 0, AEF +, — uy). 
We expand .( pr—p, ) in terms of ( Ma— ty ) to get that 
Pa Pit pits (tte — ty) +O ey (ug — PE (33,8) 


and so, if 2<1 , the paranetera of the two waves are the same up 
a) 
to quantities of the second order. This means that our future cal- 


culations for weak shock waves may be based on the approximate formulas 
D’ = “bat re 
2 , 


Ap = pit; (tg — 1), (334.9) 
Ao = By a= ta) 
1 
The error resulting from the use of these formulas is very small 
even when ~ is somewhat greater than one; for example, if #= 1,4‘ 
Aa. 
and. ~—-=1.5 , the exact formulas give us that 
=H 971, 224015 
¢ “y ' oy 


1 
while the approximate ones give us that 


44s 0.70, 24 = 0,14; 
» Oy oy. 


4 


Dp = 1.52, 
» & 
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ap 


This enables ws to use the acoustic approximation for waves of 2 
ala | 


somewhat greater than one in certain theoretical treatments (in partic~ 
ular, for the reflection of a detonation wave from a wall; see section 
58). 

34. Energy Dissipation in’ Shock Waves — 

The motion is isentropic if the state of the medium changes slowly 
during an adiabatic process. The thermodynamic criterion here is that 
the rate of approach to equilibrium 
should be substantially in excess of 
the rate of any external perturbation, 
The rate of approach to equilibrium is 


correlated with the speed of elastic 


vibrations in the medium; compression 
Fig. 59. Shock adiabatic 


by a piston or a blow on a surface ia 
and isentropic line. 
isentropic if the speed of the piston 
or striker is less than the speed of 
sound, for example. 
The entropy is increased by the passage of a shock wave; physic- 
ally, this means that the organized energy of the flow is in part con- 


verted to unorganized thermal energy. The kinetic energy decreases, 


and the internal onergy increases, as we see from 


by — y= Pin +04) (34,1) 
E,— Eg= 5 (P+ ino) (Ya —%)s (34,2) 


in which subscripts 0 and 2 denote the states before and at the front. 


The ixreversible losa of energy is defined by 
7 Lees an 
AB % (ate) @o—v%)— | vap. (34,3) 


Vs 


whereas the energy in state 2.after an isentropic corpression is 


ABY Ey Ext f pao. (54,4) 


The exparsion from state 2 to state ! is isentropic (Fig. 59), so 


Ea Ey= fvdp. (34,5) 
Then (34,3)-(34,5) give us-the irreversible loss‘as 
ESE, — R= Ath (—u) — fvdp. (34,6) 
% 


This energy goes to produce the increased temperature found when the 
expansion is complete, so (34,6) gives us that temperature. For 


example, for an ideal gas we have that 


and s0 


on . 


which implies that for p,=p, (which means that v,>vo, ) we have that 


AE as Oy AT ma L242 (4, — y,) — PE fees (34,7) 
in which + is given by 
Ba _. (u1\* 
Bt = (2) . 


The temperature after the passage of ths shock wave is then given 

by (34,7). 
35. Shock aves in Air: Allowance for Dissociation 
and Ionization 

A’ strong shock weve produces & pronounced temperature rise; the 
number of particles tends to increase, on account of dissociation and 
ionization. The change in the number of particles alters tae forms 
taken by the equation of state and by the shock adiabatic; the effecta 
are reflected to varying extents in all parameters. These factors are 
exceptionally important in a nuclear explosion; the shock wave produces 
partial dissociation and ionization out to great distances from the 
center, Radiation plays an important: part in energy transfer also, at 
least for rather shorter distances. The law of mass action applies to 


ionization and dissociation; tng equilibrium constants for these 


ol SS 


processes enable us to determine the composition and hence the number 
of particles. Devel. w.ents in spectroscopy and theoretical physics 
have provided us. with nieans of computing thermodynamic functions with 
an accuracy far exceeding that of methods normally used in chemical, 
thermodynamics. These calculations can be extended to the very high- 
est temperatures for a variety of reactions; they are based on quantum 
‘statistics, and can be applied with advaatage to shock waves. 

Stetisticsl method for thermodynamic functions. The total energy 
of a gas molecule-ic made up of the energy of forward motion Eps the 
energy of retation Ens the energy of vibration £,. and the energy of 
electronic excitation Ey. Consider one ole of the substance, which 
contains N particles, of which Ny M, Na. «++. are respectively in the 
energy states Eo, £1, £.., «2. 3 then the Boltzmann. distribution imp- 
lies that ; 

Now 

M=> ae ™, (35,1) 
in which g, is the statistical weight of the i-th state (the number of 
differing quantum states having the energy 6) and zis the sum over 
states: 

ra Dee™, (35,2) 
The summation is performed for all possible states from i=0- (the 
lowest level) to i=co; this zis an important parameter that appears 
in all later calculations. 

This sum is calculated on the assumptions a) that the molecule 
behaves as a rigid rotor (that interaction between rotation and vib- 
ration is negligible); b) that quantization of the rotational enexgy 
can be neglected, because many vibrational states are already excited 
at room temperature; and c) that the vibrations are harmonic. Then 


the energy may be represented as the sum of the energies corresponding 


to the various deyrees of freedom, waile the statiatical sum becomes the 
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product of the corresponding factors: 
By +E, Ey +E, (35,5) 
ape ey ‘Ze. (35,4) 
The degrees of freedom for the forward motion are three, so 
Ey Spar, (35,5) 
while for diatomic and linear polyatomic molecules 
, E, =Ar (35,6) 
( Ey ater for nonlinear molecules),. 
The statistical sum for an atom consists of two factors (one for 
the forward motion, one for the electronic energy). Statistical mech- 


’ 


‘panics gives us for the forvard motion that 


rd ' 4 
. ~ a 
zpos fe TOT Arpt cp Hmm SOMRT) Vy, (35,7) 
pad 
in which mis the mass of the particle, whose momentum is p, his 


Planck's constant, and V is the volume of the systen. Ths sum for the 


‘electronic states is 


nny La 


2. 5 he oF mS ge 7, (35,8) 


in which »y, is frequency; 


7 ‘ 4 4 
Bae Mage Ft ye Ft ge ve (35,9) 
The absolute E, are unknown; all that can be measured are the differ- 
ences AE, =m £, — Ey ; which are found direct from spectroscopic measure= 
ments. For the purpose of calculating :z, we take &, as 0, which ia 
equivalent to reckoning the energy from that level; then z, is 


replaced by . 


nm Ag At, Ate 
=Sig etn 7 a 
Ze 28, wtee +ee + (35,10) 
Comparison of (35,9) with (35,10) shows that 
4 
t 7 ’ 
Zz, ze # (35,11): 


It ig usual to find that even Az is very large, in‘which case 
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dt, : . 
exp( -% ) becomes appreciable only at very high temperatures; then 
the second and subsequent terms in (35,10) can be neglected, so 


% = = 2 4- 1, : (35,12) 
in which J is the internal quantum number of tae ground state. 

We consider a system consisting of particles of one kind only, so. 
the choice of zero state is unimportant; ¢ doas not appear in the 
calculations. Several types of particles may be present in a chemical 
reaction, and each has its own «., in which case the energies must be 
referred to a zero common to all narticles. ere z, must appear in 
the statistical sum, not Ze Then the total sum over states for an 
atom is ° ‘ 

; 0 eT EF ax gle FF 
2, =2, we =e . “ 
a Of He ' (35,13) 

We do not know @ for tie various molecules, but Am is 'reaeily 

found for reacting molecules; the sum of these differences is the heat 


yield of the reaction at absolute zero ver particle. For one mole, 


AN = dE = —Q : (35,14) 
so (35,13) becones 
ak, 2% aa 
zozig RP os gg hT, (35,175) 


totistical sum for a diatomic molecule. Here (35,7) gives zy 9m 
being the mass of the molecule; the internal degrees of fraedsm intro- 
duce their own factors, that for the rotation bolug 


2 =e (35,16) 
( in which / is the moment o1 inertia about an axis normal to the line 


joining the nuclei ard S is the symmetry number) on the assumption that 
many rotational states are axcited at room temperature. The number of 
degrees of rotational freedom is two for a diatomic or linear polyatomic 
molecule; the total number of degrees of freedom for a molecule con- 


sisting of n atoms is 3n, 50 a linear molecule has 3n-—-5. vibrational 
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degrees of freedom, while a nonlinear one has 3n—6. The z, of (35,2) 
requires the quantum-mechanical expres ‘on for the energy of a harmonic 
oscillator 

ay = (n-+3) Ao, . 

‘ 2 (35,17) 
in which 2 is the vibrational quantum numver () toco), wis the proper 
frequency of the oscillations, and hw/2 ie the zero-point energy. This 
last is commonly included in the total zero-point energy , which is, 
in effect, a change in the level from which the energy is reckoned. Then 

&, = Aho. (35.° «) 
The g, for a solid is one for solids, diatomic molecules, and most poly- 


atomic molecules, so (35,17a) gives us that 


‘ co whe 
-4! 1 n 
zy = Ye WE px — (35,18) 
ned l—e * 


The z, is as for an atom, so the over-all statistical sum is 


pee, aay EH (35,19) 


Thermodynamic functions. One gram-molecule of gas contains N. 


particles; then the number in any given energy state ia 


wen at 
Mage ce (35,20) 
The internal energy at temperature 7 is 
re _t a ' oft 
Epa goe Wax ge WF tate BP vm XS age ut , (35,21) 
and oo. . waseen cee 
os ft _ 
z=aQotee +e T+... = Dee ™. (35,22) 
But ‘8 
a ~77) ‘ , 


ot, ott 1 -F  4 
ap hie FFA he We oe Magic aT oa (35,23) 
From (35,21) and (35,23) we have that ~ 
: . dz a 2ding 
Ey = gap NAT = RT ae (35,24) 
in which z ia the over-all statistical sun. That is, once 2 is known 
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we can use (35,24) to find the total internal energy as a function of 


temperature, and hence the thermal capacity. Thermodynamics gives us 


that 
OF 
T =F—E . 
(77), _ (35,25) 
E at 
in which F is the free energy; (35,24) and (35,26) give us that 
i P 
~(¢7) — Rding (35,27) 
and so or” ar 
F=o—RTInz. (35,28) 


@his gives us a thermodynamic interpretation of tho stavistical sun. 

Equilibrium constant. The composition must be known before the 
energy, density, and 80 on can be calculated. The composition is gov- 
erned by the equilibrium oonstants for dissociation and ionization; the 
values of these constants for very high temperatures may be expressed in 
terms of atatistical sums to a very high order of acouracy. Therusa- 
dynamics gives as the free energy as 


Fm F°— RT Inv. (35,29) 
so (35,28) gives ua that 


Fe —R?In 5. (35,30) 
All energies must be reckoned from absolute zero when z is calculated 
(they must include the chemioal energy the substance possesses when it 
is cooled to absolute zero). This means that z and F do not have fixed 
values; we can assign numerical values to them by specifying an indivi- 
dual zero of energy, which may be taken aa the energy of the substance 
at absolute zero. Then (35,30) gives us that 

Fee — RT In 4 Ey 

or 


Fo— Ey —RTIN=, (35,31) 


The equilibrium oonstants are now readily found in terms of statistical 
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sums, for 
AF, = — RT InK,, 


ia which A, is the equilibrium constant in terms of the concentrations 


of the reactants. This may be put in the form 
A(M— £0) A 
Inky — A) _ 88 (35,32) 


The ( P--£,) of (35,31) gives us that 

j fn 

InKawmAln > + RF (35,33) 
in which AE&§mQ,jv is the heat of reaction ut absolute zero. Trans- 


ferring from concentrationa to partial pressures, we have 
p=“ 7, 
in which th is the number of moles of a given species in the equilibrium 


mixture; then 


In Kp=wAIn (a 2’ z’)+ a (35,34) 


That is, K oan be expressed in terms of = and ary for any 
species in the reaction, the rule being the same as for the expression 
in terms of the concentrations or partial pressures in the law of mass 


action. In the general case of a reaction 


vLitylz te AM tM bt ...+Q, 


. 
Ae Pd t ee =4s 


Myf, eee UT 7u 7M 
In K, == In aay In—L 2 Q, 
‘ ayia; , a4 7 ae 
or 
K, Ky-4¢ BT 
—— (35,35) 
which gives us that 
nigh age... oy 
at Ket, (35,36) 
Ap Age : 
' e “t 
Zt 
MFA, s+ * 
k= (35,37) 
1/ "8 
*4,7b toe 


Envtgys There ia no special difficulty in calculating the total 


energy once we have eatablished the statistical sums and the numbers of 


; Ad 


the various species. Consider I-mole of gas, which consiets of 
"No = 6.02% 1023. particles at normal temperature. Let N be the number 


of particles for the equilibriun . state at temperature 7, where in general 
N=Npq +N, +Na+No (35,38) 


in which Nm i8 the number of undissociated molecules, Ng is the number 
of atoms produced by dissociation, Ne is the number of positive dons 
(from atoms), and N, is the number of free electrons. We negleot mole- 
cular ions, because the ionization energy of a molecule is much higher 
than the dissociation energy; almost all the molecules are dissociated 
at temperatures at which ionization becomes appreciable. 


. N 
Equation 4 us the total. the sun £;= T <. (2E 
one (35, 3) dine ° o one dingy ON @ ine ? “ZR Na‘ ) 


PAT eR + RM Ne lester (a Sar te a) Fe) (35,39) 


, Ea ut SEQ (aka +£)) 
The dissociation energy Ey is ‘calculated on the ‘assumption that the 


molecules are diatomic and of one kind; the composition becomes more 
troublesome to calculate if the gas consists cf more than one compound 
(as for air). Again, the above formulas become much simpler if the gas 


consists of atoms and ions only. 


These results are applied to shock waves. ‘by means “of the equation 
E, —Fo= 7 (At (to — 0) = 5 rot +4)(1 —24), 
The equation of state for the unperturbed gas, per mole, ia 
Poy = RT." ; (35,40) 
while that for the gas behind the front is 


AM = NAT ; (35,41) 


in which & is Boltzmann'ga constant. The = of (35,40) and (35,41) 
( 
gives us that 
1 7 - NT. 
E,- A= 14+ 4)(1 —24 #o 
ear 7 Pe +H) tn): (35,42) 
Here ym RT oj af the unperturbed gas consists of diatomic molecules 
at normal temperatures; in general, the gas may consist of any particles 


and may be heated to a high temperature, in which case the initial 


AGL 


energy is 
Ey= bRT : 


This £,, with (35,42), gives us that 


E,=yRTo[(1 +4)(1 — NTs Ba) 44) Ep". (35, 44) 


0 


This equation may be used to compile curves of £, as a function of 


7, for various a ; the point where the curve of (35,44) for a given 


oe meets the curve of (35,39) defines uniquely the temperature rf 
behind the front. This .7{ is inserted into (35,41) to get pf, which 
enables us to findu,D, and ¢ for the wave. . 

Some results on the composition of air at high temperaturea are 
given below; Table 50 gives results for shock waves in air, with allow= 
ance for ionization and dissociation. . 

Composition of air at high temperatures. The mixture consists of 
molecules, atoms, and ions of oxygen and nitrogen, and also free elect- 
rons; compounds avch as NO, N,O:, and NO, may be present. I shall con- 
sider only NO, because this has the largest energy of dissociation. 

One mole of air at room temperature conaiats of Ng (jm 6,02«10 ) 


molecules; let there be N; molecules of oxygen and Ni of nitrogen, with 


NM 212 
Ny = BG = 0.269, 


Let A be number of neutral atoms divided by No, A* being the same 
for positive ions, for electrons, and M.for other species. Sub= 


script |! applies to oxygen, subscript 2 to nitrogen, and subscript | 2 


to nitric oxide. The equations for the equilibria are 
1, Dissociation , , AA | | 
Hoo Tye Ty ee (35, 45a) 
2. Ionization 
At me, Bey (35, 45b) 


The initial number of molecules is known, 80 


MM, FZ L(A At + Miz), 
FM ty patat + Mui), Qon At + Ar, (35,45c) 


These eight equations define the eight unknowns. The equilibrium con- 


stants ¢ = ( oa )-xp(-s4- ) are readily found; we put 2, as 
hy , ; ; ” if, 
(QnkmjT,)? 0 (2nkm,)" NYT? (22) (35,46) 
71 Ng ™ a a/* 


whereupon the c, become 
em Ht FT oT inte, wt 
+2 W052, ate — im), o . 
to C4 — he fF Mey — 8 Ty — bz, a, 
‘fe 2 092 a4, + Cy — bow (54), : 
bo Cy = — Nag EF Dp} eT, — 0 Tg — bon aie, ar, + 
. + hentia, a, bien, 4, + 4 — ie), 
(35.47) 


bosom — hy, + al, 4 T ye ia, A, b 
ben 2; at be— (Zt), i 
meeyme—Mn a+ ST, — wg Ty azo at 
_ sy vane eee ho, 
a 
64min 2.20 open RA 2.18 
Here (ng mt IF ayy - aamh ton «5 
Cy = log my + my we 2.15 + mg marlon PETER ON oe 8.75 ve (35,48) 


It is assumed for 4 and ¢s° that the mags of the ion is the same as that 
of the parent atom, m,j; j isa the mass of an electron, go, is the volume 
of 1 gram-mole at NIP (22.'10 litera), Ay: is dissociation potential, 


yy, is ionization potential, and 2 is the 2 for the internal degrees 
of freedom; ‘2,24 for atoms orjz,z,'2, for molecules. 
It is convenient to take § as the independent variable in order to 


solve (35,45); then the last equation in-(35,45c) and the two first in 
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(35,45a) give us that 


‘ We eliminate the number of molecules from the two penultimate 


equations to get that ae 


AA AA, 
Bite tet tert tart], 


Substitution for A; gives us Ay which is 


A=t(V 14 1), 


amt Hla + a2], 


sab dtodd gales), " 
cmt os (I +om)* 


“It 1a generally permissible to neglect the effect cf the NO on Ai; then 
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Pee N, a 
for to | H N° is the for Pe 20 e 


Po 
ratio of the number of part- 


4cles to the number at oC... 


ITS 


all factors cantaining ¢, may be omitted. The 4, for high temperatures 
(complete dissociation) is 
A=s, 
yoke hitetes 
empltEe. 

This gives A as a funotion of 0, wherevpon all other quantities, and 
hence N also, can be calculated as functions of @, with 7 as parameter. 
We calculate § as a function of temperature for a given N, to get the 
numbers of all other species. 

Figures 60 and 61 gives resulta from these rather tedious calcula~ 


tions for the composition of air for os of 1 and 20 for the tempera- 


Sine, 


%, al/tole, dey, 


| + ——Hugoniot curves 
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Fig 62. Internal energy of one Fig. 63, Specific thermal cap- 
gram-molecule of air at constant acity of nitrogen at ‘constant 
density. volume. . 


ture range 2000 to 30 000°K. We see that N increases fairly rapidly and 


AFG 


also that dissociation and ionization ure appreciably dependent on the 


density. The total energy per mole is 


Be ERT tM + Maat At Av b20) 
ART, (M, + Ma + Mis) 
PRIM gp lz, sat Ma ae Inzy at, Maa-gee In 2,’ at,) 


ERT (Aige Inte at Aa gel ze . | . 
+d . + 2. 
+A: grin Ze get Aa arte gs) (35,49) 
A, + At A, + Ar a 
+N (SEA, 4 AEA LA EAM Min | 
in which dey and , apply to the corresponding elementary reactions. 
Figure 62 gives Burkhardt's results for air for various oo ; Mg. 63 


gives the thermal capacity derived from these results, since (32) acy 
s 
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TH1b88¢ 
CHAPTER VII 


THEORY OF DETONATION WAVES 


36. General Features and Basic ‘Relationships 


Explosion processes vary widely in rate and type in accordance with 
the initiation cenditions, nature of the explosive, and so on. All 
such processes may be divided into two essentially distinct groups, 
namely those of burning and those of explosion proper. Burning haa a 
rate dependent on external factors (axpecially the progcure), wacreas 
the rate of an explosion prooess is almost independent of such factors. 
Theoretical studies show that a atrict quantitative distinction oan be 
drawn; the rate of burning is always leas than the speed of sound in 
the unreacted material, whereas the rate of explosion is always greater 
than that speed. The laws of thermal conduction are decisive in burn- 
ing; those of shock waves, in explosions. Burning can pass over aud- 
denly to explosion under certain critical conditions; detonation, the 
limiting form of explosion, oocura .. .r auitable circumatances, and 
here the rate is constant at the maximum rate powsible for tha given 
explosive. That ia, detonation is a speotal ex -atate form of 
explosion; the detonation rate is a very importaut e:..racteristio of 
any explosive. We may say that explosion represents a transient process, 
which either goes over to detonation or dies away. This transient 
state is usually Found around the site of initi: cn. Explesion in the 
wide senge covers the detonation (steady-atate) «3 transicnt-atate forns, 


which have no essential difference in mechanism of propagation. 
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The fulleat study has been made on detonation processes, which are 
exceptionally important for detonators and high explosives; moat of the 
theoretioal work relates to gas mixtures, which form the simplest explo- 
sion systems. This work has given rise to a rigorous mathematical 
treatment of detonation waves; the main features of that treatment are 
applicable also to liquid and solid explosives. Detonation in gases 
was discovered in 1881 independently by HKERTHELOT and by LE CHATELIER in 
the course of work on the propagation of flames in tubes. It was very 
soon discovered that the rate of propagation of a detonation wave under 
fixed conditions soon becomes constant; values of 3500-4000 m/sec wore - 
recorded for certain gas mixtures, whioh speeds are very much in excess 
of the speed of sound in those mixtures at ordinary temperatures and 
pressures. 

The hydrodynamio theory of detonation nade a major contribution to 
our understanding of detonation processes; it gave a aatisfactory means 
of calculating all the parameters (speed, pressurs, ete.) of a detonation 
Wave. — "One of the founders of this theory waa the Russian ‘phyeioiet 
MIKHEL'SON, who put forward the basio concepts in 1889; other major 
advances were made by CHAPMAN (1899), JOUGET (1905), and KRUSSAR (1907). 
‘Recent leading Russian workers in this field, who have applied the theory 
to condensed explosives especially, are LANDAU, ZEL'DOVICH, GRIB, 
STANYUKOVICH, and NEYMAN. The oause of detonation is that a shock wave 
propagates through the substance; if the amplitude of the wave is suf- 
ficient, there arises behind the front a very violent chemical reaction, 
which serves to maintain the wave parameters at a steady level. The rate 
of detonation can then be calculated as the rate of propagation of a 
shock wave. 


‘ 


The motion of an ordinary shook wave is composed of the propagation 


AG] 


of a pressure step and of the displacement of the mediu- A detonation 
wave is more complicated in structura, because the motivo of the shock 


wave is associated with motions of the 


—_ ——e uh 


‘Reaction 


1 
acti rattan reaction zone and of the ultimate pro- 


Produota 


Pools duots. The steady state may be con- 


“rr DO” 5 | gidered merely in terms of the initial 
Fig. 64. Derivation of state and of the final products; the 
the basic relationships reaction zone need not be considered. 


for a detonation wave. This zone remains fixed in a coordinate 
. system trat moves in the sense opposed 
to the motion of the wave (Fig. 64). Symbols to be used are D, the 
detonation rate, whioh equale the speed at whioh the reaction zone moves; 
4, the speed of the products, behind the fronts ‘p,5 a, and 7, para- 
meters for the atate behind the reaction zone; Por po's and 7,, the same 
for tho region in front; i, the speoifio energy in the rear zone; &; 
the speoific energy of the initial material; and W, the apeoifio: energy 
release in the reaction. , 


The basic equationa for shook waves apply also to detonation ones; 


we have that 


um(n—o) Pah, (46,1) 


“wou? 

1 . _ . 

' a 

te D=9 Aix Po, 

nen o Bee (36,2) 
But.D= constant here, so 
the latter equation gives a 
straight line in the variables 


a Piand v t 


. t 
tg Di, ‘ 


; 6 7) . . | P= het i (36,3) 
Figs 65. HUGONIOT ourve for a The origin A may be taken at 


cetonation wave. (pm va)» whiobh liea on this 
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line; the line is known as the MIKEEL'SON line. HUGONIOT's equation 
becomes } eee 

Fi Eo 7 (+P) (to~ 0) + Qu (36 , 4) 
in which the first term on the right is the change in internal energy 
resulting from the oompression. Figure 65 shows the Hugoniot curve for 
a detonation wave; it lics above the corresponding curve for a shock 
wave on account of the energy aoquired from the reaction. 

The only significant part of the curve is CB, because here D>O' 
and ‘u>0.), as (36,1) and (36,2) show; part DE ‘has D>O0 ard :u<0, 
and it corresponds to burning, whose characteristic feature is that the 
products move in a sense opposed to that of the burning zone. “. =t BD, | 
does not correspond to any real steady process, because here im) 90 

and i (ox [—'iBa )<0., which imply imaginary values for. D and u. 

From A we draw a line at an angle o,, which meets the HUGONIOT 

detonation ourve at two points; here we have the oondition 
“Daas, | 

which implies that a given D can correspond to two distinot states of 
the decomposed material at the front, which 16 physically absurd. 
CHAPMAN and JOUGET have demonstrated in different ways that any detona- 
tion corresponds to the unique state of the products specified by the 
point ™M (the point at which the MIKHEL' SON line touches the HUGONIOT 
adiabatic). Here tan a, and hence D, are minimal; D=Dun . The 
following is a proof that the state corresponding to Mis one in whioh 
‘ie equal to the speed of propagation fora perturbation in the pro- 
ducts (relative to a fixed observer), i.e. that 

Das abey (36,5) 


and that dS 0, (4.0., Se constant) on the HUGONIOT ourve. Now 
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(36,5) taplies that 
D—tm% VRB — Wo ey VERY imme 


vo ot 


0 _ Loan , 
LEO satan g exe k EL, 
| Uo . Y (36,6) 


The proof that ‘Ds=u+¢ at Miia given from the first law of thermo- 


dynamics! ' . 
T dS = dE +pdv. 


The two sides are divided by pquy, to make all quantities dimensionless. 


“Pp _. 
Let Bate mT: ; and. gan. 4 then 
oa dS ms tie fie dy, 


Further, (36,4) in the same difiensionleas terms is 


sae 8 


and so 


We aubstitute for ds in the transformed thermodynamic law, in conjunc 


tion with the substitutions -dp=ed(1—p) | and d (2-1) w= d(m— 1). ' 


; y)d(n—1)—(n—1)a(i—py 

a a as 

The two sides are divided by (l=)? to get that 

T —p) 4s) __ (r= Nd —p)] 

Re = 3 [ = c=yF +}. (36,7) 


Again, (36, 6) in terma of . and wis 


to get that 


tang, = th, (36 ,6a) 
in which , 


But 


day i= LED ea peea a, 
80 comparison with (36, 7) sires us that 
, im jan = Oop ata, | 
Further, 


diana, = yt = (I +i a) day 


Con a 


Bor 


8° eg Layee 1p 
: T ds= a —) +a da, 
Poy “ _ 
" Now S=s'constant for a steady-state detonation, so 


. —_ x —1)3 
Gah Pea da, = 0. . (36,8) 


This is possible only if ‘davemd. , beoause tha factor before the differ- 


(36,7a) 


ential is always positive; but: da, = 0," at the point where a, has ite 
minimum, which is the point where the MIKHEL'SON line touches the 
RUGONIOT ‘adiabatic. Clearly, “a does not have a maximum at any point 
on the branch corresponding to detonation. 

Point Miie also the point at which the Hugoniot adiabatio touches 
the ordinary adiabatio, which ia the line of constant entropy ((dS=—0);; 


AB.ia a common tangent to both adiabatics, so 


“tana EP a(S) ae Gh 
which is a direct: consequence of our assumption that ‘Danis 0, 

Another important feature is as follows. Expression (36,70) shows 
that ,dS>0° for points on the RUGONIOT ourve on both aides of M,: because 
Jar>0,; and the associated factor is always positive. This means that 
the entropy increases at tho detonation front for any state in the pro-= 
ducts corresponding to a point other than M, _ 

ZEL'DOVICH has given a more rigorous physical demonstration that 'M; 
must correspond to a ateady~-state detonation and that any other state | 
for the products gives rise to an unstable process; his demonatration 
ie based on a study of the conditions for the reaction at the front. 

37. Effects of Reaction Kinetics on the Formation 
and Behavior of a Detonation Wave 
The reactions ina detonation wave are not instantaneous; the 


reaction time is governed by 4: the mean number of collisions needed to 


perform one act of reaction. Since y > 1000 , the width of the front 
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in a detonation wave is very much greater than that in a shock wave; 

‘the gradients are much smaller, so effects from viscosity and thermal 
conduction are negligible. The role of heat conduction in transmitting 
the detonation is small, because the temperature gradients are low. - The 
material is compressed so rapidly that ite composition does not have 

time to change; the compression initiates the reaction, which produces 
heat; this results in aubsequent expansion of the hot products. The 
pressure at the front is affected, by this. _ 

The speed of the detonation wave is not dependent on-Q. being given 
by (36,2), which ds a consequence of the equations for the conservation 
of matter.and momentum, The viscous forces are negligible for the tran- 
sition zone of a detonation wave (but not of a shock wave), so (36,2) is 
directly applicable to any state in which only part of the total Q has 
‘been released (or none at all, i.@. to the initial state). The process 
cannot be steady unless the parts of the reaction zone move at the same 


apeeds any other situation would cause the detonation wave to become 


deformed.as it moves, so the process 


i 


would not be steady. The condition De= 


iH constant oan occur only if all the para- 
meters of.the state vary in accordance 


with the MIKHEL'SON line - 


Fig. 66, Formation of Figure 66 illustrates the formation of 


a steady detonation such a wave. The explosive ds com- 


WaVG. pressed by a shook wave, whose speed ia 
BD, to the state Ciin which the reaction 
starts; the material is gradually converted to final products, and the 


transition from state C*to the final state-M ‘proceeds along the line 4C 
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(the expansion consequent upon the heating keeps the speed constant). 
‘The speed is constant, but p and v are variable; state'M lies on the 
HUGONIOT adiabatic for the products, being the special point at which 
_dS=s0land Do=u-t+c, ‘(the point for the steady state). Figure'67 

- illustrates the behavior of the pressure 
and density behind the front; here 
point. M corresponds to point Mion the 
HUGONIOT curve. 


Consider now a detonation initiated 


- by a shock wave having a speed D,>D' 


and which comprassea the material to 
4) : a 


l 5 state C,j the above argument shows 


Fig. 67. Distribution of 


that the reaction must then take the 
oourge corresponding to the line AC\s 
a) pressure and b) density 
. and the final state corresponds to 
in a detonation wave. 
point 'B,of Fig, 66. This detonation 
Wave cannot be stacle, for a wave of rarefaction occura in the products, 
and the head of this wave moves with the speed of sound for the products, 
namely ute’. This wave will not arise, and the products will not 
expand, only if we bring up behind the detonation wave a piston moving 
with a speed u (the speed of the products behind the front), which is 
impossible. 
We have seen above that ‘S increases to both sides of point: Mon the 
HUGONIOT curve. Now I shall show that u+¢c>D, for the upper part of 
the curve (for yu; and p> ps the converse being true for the lower 


part (for > oy and PSB) All parameters corresponding to point M. 


are here denoted by subscript i. 
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The first inequality is put as 


vy ~Lec>D—u=v a 
which implies that 


dp. PoP 
He >Re (37,1) 


We put HUGONIOT's equation in the form 
E— Eyam LAB (0) +0 


whioh gives the increment 


“dE am = dp — (pt po de (37,2) 


in which —_ 
dE mm TAS — pd, 
so simple manipulations give us that 
HEaee Led 3 i _— a as 
Ue U—Y¥ Hae du" (37,3) 
Now dS >0 | and idvu<o, BO B<0;; } thea 
; or 4S 
U—v ay > 
dee . tos 
— £2 5 Pofo 
dv tym ‘ 


which demonstrates that »u+c>D,- 


Again, for the lower branch : 

du>0, 4 >0. 
a0 . 
—-£<f 2h, - 4.0 upe< dD. 

Now I turn to the, stability or ‘otherwise of the state represented 
by 3; here u+o>D, eo the head of the rarefaction wave oatches up 
with the detonation Wave; the pressure at the front falls. The state 
at the front can be altered only by moving along the HUGONIOT curve for 
the products, because the reaction is already completed; the motion 
along this ourve will continue until the pressure falls to LA (that for 
point M), at which point ape D,:, which corresponds to stability. 

An initial state with Dy>Di (point 8): can‘arise when an explosive 


is ignited by a detonator havitg a higher Dj the normal speed D, is 
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attained only at a certain distance from the detonator, and so there is 

an initial transient zone. The above discussion is strictly correct 

only if the detonator and charge are identical in density and compressi- 
bility, because the speed of a shock wave changes discontinuously at 

the interface between two media that differ in either of these parameters 
(see chapter IX). The line of equal speeds, AC, , meets the HUGONIOT 
adiabatic at a point L on the lower branch, but this point ia inaccessible 
for physical reasons. The parameters of a wave of speed Di: could corres= 
pond to L only if the material were first compressed to state Ci by a 
shock wave; then the state of the produots immediately after the 

reaction would correspond to-#, but the further transition to & along 
.AC,,4e8 not possible, because this would require energy in excess of Q 
(ZEL'DOVICH first directed attention to this point.) Further, should L: 
be reached for a given D, by any means, the detonation wave would then be 
unstable, beoause uted at thia point. This means that an elastic 
wave in the products will always lag behind the detonation wave, which 
makes it impossible for energy released behind the front to be trans=- 
mitted to the front; the detonation wave then soon becomes an ordinary 
shock wave in an inert medium (one that dies away). 

The mechaniama of the reactions initiated by the compression are 
such as to indicate that a stable state of detonation can exist only for 
the gingle state of the products that corresponds to point M. Thermo- 
dynamic arguments lead to the same conclusion; js must increase as heat 
is released in the reaction and beoomes maximal on the MIKHEL'SON line 
at. point M; which defines the parameters at the front for the: instant 
when the reaction has gone to completion. 


This statement is demonstrated as follows. The theruodynamioc 
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relation 


TdS=dE+pdv 
may be modified by inserting the d& found from (36,4): 


Ql dS==(vy—v)dp+(p— py) dv. (37,4) 
The expression for the MIKHEL'SON line gives us that ‘ 


u 
(M9) = 57 (P— Pods | 


and 60 
as % av 
Now = at the point of maximum Son that line, so 
(p— ~r)(# eta a) =0, 
whence _ a) 
~ o = Pofo mrtan a == 2, 
veo gu, du 


which corresponds to the point Mat which AC touches the Hugoniot adia- 


batic; this demonstrates the above statement, because 


a . 
ap te V+ — Po) : a t ‘ 
ae yoy ae Hoe oF <0 
when ~ 
p=p, ang US Vy 
38. Calculation of Detonation-Wave Parameters for Gas 
Mixtures 
A detonation is described by By be Ty ty , and.D,, which are 
givan by 
p ams 
E, ~ Fo = (UM — U1) + Oy (38,1) 
D =% JHB, =o , 
i (38,2) 
“ym wo—o) V/ BER, (38,3) 
Py — Po a MPL 
vu; =(— we vy ' (38,4) 
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p=f(S, 7). (58,5) 
The last is the equation of state, whose form is dependent on the nature 
of the explosive material (gas, solid, or liquid). Wo may use pots 


constant for gas mixtures, whereupon HUGONIOT's equation becomes 


er Rae Pit Po (971) + Qu . (38, 6) 


in which “Ro! (for the initial mixture) usually differs somewhat from k. 
(for the products). We eliminate p, 2nd %', and put f= , to get a 


relation for D (38,4) gives us that 
owl ee, (38,7) 
This, with (38,2), gives us that 


Dy = o[(e-+1)21— Pal (38,8) 
We eliminate’ o, fron the energy equation to get that 


“Dy EA (e— 1) 87} 2 (4 1) DfceT, —2(4* ~1).03Q, =, 
and 50 


ki] a2 —1 
D= Vy == Q, +4 +f 8 Qu, (38,9) 
qo. : 
in which ¢ is the speed of sound in the initial mixture; if D, 18 


known, p;! and % are then readily found, for 


A+) Oj 
v oe 
yas (i ~#). H (38,10) 
wm za(-4).| 
tO k+l os" 


The equation of state for ideal gases gives us that 


Py (Re) . 
T= R (#1) RDF (38,11) 


These expressions show that all the parametera of interest are dependent 
on T,' (but not explicitly), because '& is dependent on the temperature at 
the detonation front. This:feature makes the final solutions rather 


cumbrous. 


BOF 


However, the expressions (and the calculations) beco : mich sigpler 
af we caloulate &on the basis of the reaction tevperature tT, and neglect 
Po relative to p,. Results for typicul cases snow that neglect’ OF jN9 
has very little effect on tne result if hy execeds 10 atm, which is 


always so for detonations in the usual gas mixtures; then (38,7) becones 


Oy Pp b+ 
rah ieee ae (38,12) 


and the energy equation gives us that 
P= 2h 1) eRe (38,13) 
which, inserted in (38,2) with “po neglected, gives us that 
D=VI—NG. (38,14) 
The equation of state gives us that ; 
, _ BY py 


1 = Pov 9” oy (k—T)* 


We subsvitute for p, and.v,, from (38,13) and (38,12) to get that 


2k i, 
ay as ie (38,15) 
We use (38,10) and (38,14) by neglecting co as being small relative 


to Dj, which gives us that 


IES 
way “Bata. (38,16) 


The’Q, appearing here must be referred to unit mass of the products; iD 
and tare usually expressed in m/sec and p, in kg/on® , 50 Q, must be 
expressed in mechanical units. Then Q, = 4278Q n?/sec” (in which g is 
the acceleration due to gravity and Qis the heat of reactior in 
kcal/kg). But 

PY; 
; k—1 
and (38,15) gives us 7,, 80 (38,14) may be put as 


Qu = C7) = 


or, since - 


AR == AP 40.848 «9.81. 


(in which M‘is the mean molecular weight of the products), we have 
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that 


(38,46) 


ee Yaa CO 


pressed products by a facuce bee AAG Odw Ue Ve auanbder of 
molecules per unit mass of the products, other things being equal. The 
factor cannot exceed two for gas mixtures. 

(31,15) and (38,10) enable us to calculate the ratio of pressures 
for shock and detonation waves having the same speed D; for the shock 
wave 


, 2 _“f Pont 
p — Po Faz oP 1 ~ ft). 


and for the detonation one 
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Further, (31,16) and (38,10) give us chat v= 20; =U. 

These results again show that the products expand, which is the 
reason for the fall in pressure behind the reaction zone to about half 
the pressure produced in the initicl mixtura by the strock wave. Table 
51 gives JOUGET's calculated results for detonation fronts in certain 

Table 51 


Parameters of Detonation Waves in Gas Mixtures 


2.45 
(2H, - Os) 


gas mixtures; JOUGET used here some not very precisa results for the 


3// 


thermal capacities as functions -* T, but the calculated D, are in very 
good asreement with the measu:cu ones. Lee8IS and FRIAUV? have performed 
sinilar caicuiations for cxplosion mixtuse sentalalan various other gases; 
tuey Made allowance for the éissoclation occurriny; at 7,. Muse 52 
gives their results, wich show that she added’ sas affects D sudstant- 
dally; nitrogen and oxyzen reduce 9, whereas hydrogen increases it 

Table 52 


Detonation Speeds for Explosion Mixture Containing Other Gases 


1 1 
| H ' 4, s/ag0 | 
dixture ~ ! At | rn ' . __! 
. | . i | ‘onic.. i naa, | 
a t 1 —— _ 
H 2H Oy 18.0 3583 288 | 28: 
| 2a On) + Os | ans | 3390 pyo| fala 
Atle -hOn-baH, | idu “76 B27 35u7 
(2itg > Os) Nz I 170 5 7 os 
(22 T 0») = ON, | 15.6 hard $933 2055 
Pot) IS Ary 176 ong a7 1950 
ee 


greatly, although it reduces 7. Tiese observavions are in asreenent 
avn the theory, which shows that’) is degandent on the mean molecular 
weight as well as on 7. Eyeroger and helium fall below E,0 in riole~ 


cular weight, so they increase D to a certain extent. 


An example of this effect is found for stoichiometric methane-oxygen 


mixtures: 
CH, +20, + 8N, = CO, + 2,0 + 6N, + 191.8 kear 


Here T = 2200°K m» -~%2. , in which Me, is given by figures listed in 
r Ve v 


chapter III as ; 
x CYS 56.85 cal 


cy = 86.88 + 118 = 86.88 + 11 x 1.986 = 108.74 oat 


Then 


and (38,15) gives 7, as 
T; spel = 2440° K, 


BIL 


Also ‘ ou 
Me Spanier es = 27.6. 


wo (38,18) gives us that 
BN 4 ry a e— 
D atti ERR yp 8 Mi yf LAO 2440 = 1720 w/oee , 


pos 117% 107%. a/end; pam 2.10% 107° a/end, 


uanyf ERD Q, = 764 s/e00 
Pim Py = PotD, = 158-7 halen? 


39. Effect of the Density on the Detonation Rate 

The above calculations. are based on the equation of state for an 
ideal gas; this describes correotly the behavior of o gas alixture in its 
initial state at atmospheric pressure, because the density is doubled (at 
most) in the detonation wave, while the prossure at the front does not 
greatly exceed 10 atm. In this case, though, the initial density has no 
effect on VU, u, and Tis experiment shows that this is so for gas mix- 
tures whose initial pressures are relatively low. For. example, D for 
explosion mixture inoreases only from 2821 to 2872 m/seo when the initial 
pressure is raised from 760 to 1500 mm Hg. ° However, CLAPEYRON's 
equation is not applicable to gases of high initial pressure; the initial 
density starts to affect D substantially. For example, LX CHATELIER's 
‘'pesults show that D increases from 1000 to 1600 m/sec for acetylene mix= 
tures when the initial pressure is raised from 5 atm to 30 atn. 

If we use ABEL's equation of state, 


RT 
p(v—aye—ars (39,1) 
in which a is the covolume, on the aseumptions that M.is independent of 


Loy, A 
f and that a # constant (as for ideal gases), thon (37), =0. Thermo- 


dynamics gives us that 


dE=wa¢, dT + ($2) ae, 
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but 


(ara. one 
60 ; 
> | dE=cdt-+[(T (32) —p]ao.: (39,3) 
Now () 0, for an ideal gas, 50 . 
we pe ee dE=c,dT, 7 ($7), =P (39,4) 


It is readily seen that ABEL’ equation gives the same result, for its 


derivative gives us that 


(Hates # 
={e) z - ~ 
(33),=0 


Thia means that Hugoniot's equation here takes the form applicable to an 


ideal gas: _ . 1 
: E,— Eye, (Tp —T) A+ (Pi Po) (Ma 


Then (38,12) becomes 


wet Fh (39,5), 
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Om VIAN, = ag, VFO (39,6) 


dn which po ie the mass (eg) per liter; (38,15) and (38,16) remain 


and 


unchangea,. 

This ehows that ABEL's equation, if used witha = constant, implies 
that 0! increases with * a although T, and &. remain unchanged. This 
effect of the density ie actually observed, as Fig. 68 shows for explo- 


D, n/seo 


sion mixture for a = 0.75 com /g; 


won} eee the experimental points fit the 
| | | | 


3900 ; curve well, and £ increases from 
30 3000 to 4400 m/sec when f0. 
0 ara? a3 a6 G57, a/ow? 
Fig. 68. Relation of D’to den- increases from 0.1 to 0.5 g/cm. 
sity for explosion mixture. TAFFANELLE and D'AUTRICHE, 


followed by SCHMIDT, have attempted 
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to apply the above equations to condensed explosives; the principal diff- 
ieulty here is that a is not known for the products at the very hig 
pressures produced by such explosives. They attempted to obviate this 
aifficulty by deduoing a from the measured D by means of (39,5) and (39,6); 


‘ A : 
theory gives us for an ideal gee that YD. =A ViakT. 
Oy mage AY aR 


a 
so for a practical explosive 


pesto . (39,7) 
which gives us a if p,' 4s known ang 0, ie calculated. In this way 
SCHMIDT found a for various explosives; in particular, a for TEN 
dedreases from 0.79 to 0.44 liters per kg when %% inoreases. from 0.5 to 
1.6 kg/liter. Similar results were obtained tor trotyl, picrio acid, 
and tetryl. Table 53 gives detonation-wave parameters SCEMIDT calcu- 
‘lated in this way. . 

Table 53 


Parameters bf Detonation Waves in Trotyl (SCHMIDT) 


Dy, n/seo. «ug/l | aj. ate Tye K 


The results are essentially in oconfliot with the assumptions made in 
deriving them the formulas are applicable only if ais constant. A 
condensed explosive has (3e),# 0 » 80 (39,5) and (39,6) are not appii- 
cable. | | 

The above method also gives the inoorrect reault that u is indepen- 
dent of Ds and D, which is, physically speaking, absurd. All the sama, 
the D! caloulated in this way are often in agreement with experiment; this 


de not really surprising, heeause the o are found fren the measured PD tor 


Be 


explosives of similar compositions. 
40. Theory of Detonation for Condensed Explosives 

LANDAU and STANYUKOVICH have shown that the main features of the : 
hydrodynamic theory apply to condensed explosives; they have deduced 
the parameters of the detonation front from the equation of state for the 
highly compressed producta, The argument ia ae follows. The initial 
density is higher (greater than that of water), so the pressure at ‘the. 
front becomes very high (often in excess of 10° atm), and the density of 
the compressed products is substantially in excess of the initial density. 
These features indicate that the ideal=-gas equation and VAN DER WAALS's 
equation are not applicable, because they both neglect the forces of . 
repuleion between particles, whioh forces are very important. . | 

LANDAU and STANYUKOVICH's general deductions are as followea (detailed 
results are. not given). A suitable general equation of state is 


pu O(oj+f(v) F. (40,4) 
The forces of repulsion and attraction between molecules are represented 


respectively as 
7 (0) mm aone boomy (40,2) 

The theory é6f solids indicates that in >; and that m@>2, 580 (0) 0 

y ; when the distances r between mole- 
ovules are large; the attraction 
de initially dominant as u' 
decreases, so @(v)—0. The 
repulsion exactly balances the 


attraction at a critical distance 


Fig. 69.° Relation of inter= fo} then “@(v)~ 0. and the system 


action energy to separation ia -in equilibriun. Repulsion pre- 


for molecules. dominates if r<ry , and O(v) >0. 


Figure 69 indicates the relation 
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between ‘r, and the interaction energy U for two molecules; this and (40,2) 
imply that the attraction can be neglected in relation to the highly 


heated products, so the equation of state becomes 


pm Av-*+f(0)T,- (40,3) 


dn which Ais a conatant. BORN's lattice theory gives ® =AU"" for 
the elastic component of the pressure, ‘but this is not applicable for 
the very small separations considered here; a power-law representation 
of the repulsion is only a mathematically convenient approximation, 


The term in Ove represents the ratio of the total volume to the 


inherent volume of the molecules; pe when v is large, and 


O(vy+0, 80 (/ fo)» 2 as '0-r00 . The molecules become deformed at 


very high pressures, so it is not possible to put [(8)* in the form 
"RR 


‘oz: » inwhicha isa constant. If accu, to a certain degree of 


approximation, then ‘t(o) = , in which B-is a slowly varying funotion 


ef vu; 8x constant for high pressures and BoR as vu > o, Then the 


final form for the equation of state _ 
Pow Aga OE (40,4) 
Statistical physics gives us the free energy of a solid (or liquid) 


as Fea (X)+RLT Inge, 


in which F\(v)i ie the temperature~independent part of F,.< is the mean 
number of degrees of freedom for a molecule, #' 4s BOLTZMANN's constant, 
and ‘w-is the mean vibrational frequency of the atoms (allowance being 


made for the rotational and vibrational degrees of freedom). But 


oF 
p=(—F)y 
pan Fi(o)— = RIT Hmm Aang B (40,6) 
Then _ 
w! B ‘ 
“o. "Riv" 


and s0 , _2 
ony AE, 
It can be shown that (40,6) corresponds to the isentropic equation 


oR ; 
p=M (5) oar Je (40,7) 
in which M(S) is a function of tiie entropy whose form is gaverned by the 


conditions at the detonation front. This equation, with the conditions 


for contaot between the MIKHEL'SON line and the ahock adiabatic, gives 


us that . 
($8) ngbe = Pees . 


if we negledt pe relative to p; then & ie related to ‘A by 
° Be heated 


_ pets (40,8) 


‘and (40,7) may be put as 


oo p=M(S)o-*.- (40,9) 
This & ia given by . - ‘ 
: (—322) = A-! og 

o/9 a ( e—1] a (40,10) 


whioh is a consequence of (40,7) and the ‘basic relationships for detona- 
“tion waves. ; . 


The Bjof (40,8) is inserted in (40,10) to give 

ADR CAIGET DIB ler DI Fagen (40,11) (40,11) 

in which: _ - 
ba He ‘ast, 

That ia, & may be found if a and f' are known. The medium resembles a 
solid body in ita behavior when the pressure is very high, and then f = 2, 
because %™ARL, At low pressures, 6 = 1, because lye SE for an 
ideal gaaj & increases with ‘a and p. Of course, the state of the 
highly compressed products is not: exactly that: of a solid; it approaches 
more closely that of a liquid at the high temperatures involved, so 
‘0 > RL’, and fp may be somewhat greater than 2. Values of B near 2.2 


are typical of standard high explosives. 
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We may deduce a from the relation of D to P,1 which dea linear ona 
log-log plot for “pg = 1.2 ‘g/om?; ‘then 


(Steg == const - 


and ais almost constant; the range is 0.70-0.75 for most high axplo- 
sives at reasonably high densities, so we may reasonably use an average 
value for a 
The A anda of (40,4) are to be found from the formula for the 
temperature 7), at the front, which ie deduced from the equations of 
energy and imentropy as 
AQn = by arm gt (Qa) (Ar |), (40,12) 


in which 5Q, 1s the heat produced at the front and 
mpm peaite 
. . [re t . 


Dim APO n— I) tgAT <0 


(since AQ, =m 0}! ‘and also Amn; then the limit Diy, at whioh ,AT = 0, 


If 


is ‘given by 
7 Di = 2(n"—1) a. . (40,13) 
Now .ki rises gradually to the limit 7 as f, increases, 80 (40,12). implies. 
AI pO that 7, falls from 2:47, 24: 
sum 4, MOLI 


. in which 7, is the reaction 
temperature, to the initial 
temperature of the explosive 

20 \ as the density inoreases (the 


000 latter limit is unattainable 


in practice). The reason 


U ase is WO BS Re/oe { 
Fig. 70. Temperature rise at the for this fall is age follows. 


front in a detonation wave as a func- The elastic forces hetween 


tion of density. of explosive for :Q, = ‘and within molecules become 


1 kcal/g and m= 30. more important as the density 


WG 


increases, so the energy released by the reaction is in part used up in 
overcoming these forces (of repulsion) ; less is available for the energy 
of thermal motion, and so 7,. fails. Figure 70 illustrates this. 

The limit to %, namely n, is given by (40,4) and (40,7), which 


become the same for -T=mQ, for M(S) = constant = M and so 


p= Av-* ax My (er-*)] . (40,14) 
whence , 
nom2( B —a)+1 oahy. 
. RL a ae (40,15) 
(a, ie the limiting ‘k). This gives us D,, and hence, by extrapolation 


of the relation of 1n Dto 1n p (see Fig. 86, section 44), we get the 


limit to p', which is given by 
2 te p 
op PP 


and 


Py Poy at . 

Then (40,14) gives us that 

A=p, oy on(Saa (40,16) 
The k and m®@. corresponding to any given pi and Q: are calculated from 
the above formulas; Table 54 gives the final results for the case 
Q.= 1 keAl/g, which corresponds ton = 3.6 and a limiting ~% of : 
2.25 g/em’; these give 6 = 2.2. It has also been assumed that a 
increases linearly from zero at p=0 +0 1/6 at po == 2.26, then 


am 650! 


Table 54 


Detonation-Wave Parameters 


0.23 0.32 0,80 
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The above expressions give us that 


_ k+l 
= Sealy nm Tee 
A= TR, m—i j, (ml 

a alae 


But | Dt ug P50 (40,17) gives | 


Drea OE A gt (AY am) +1) Q| 


which defines ) in terms of f andG; in cgs units it becomes 
Do mm 415 By (fo) BED (vo) Q = 108;093°-++-5Q, 
in which A'= 1.16 x 10'°. we may put (40,4) in the rorm 
~ 8 ano 8 
pu Ap" ++ 7 pT = 1,16 10'%*4 + ef, 
in which Mia the mean molecular weight and 


B kh—1) +o 
fatclee , 


(40,17) 


640,18) 


(40,19) 


(40 , 20) 


Table 55 gives 6, b,, and Ay as well as other parameters, as functions of 


we for Q = 1 keal/g and M = 30; the mean / for the products is 6, ” and 


Table 55 


Parameters for the Equation of State and for 


the Detonation Front (Q = 1 koal/g) 


v4 pole~deg. 


y,,¢ 


0 2 180 6.0 | 5000] 1.0 | 1,12 , 1.25 
0,1 | 2500 28 | 1040] 487 | 7.0) 4600] 10 | 147] 30 1,30 
0,25 | 2800 0.72 | 1020| 480} 75 | scn0| 1a 1,64 | 29 1,33 | 
0,32 | 2 850 1060 | 466 | 80 | 4200] 24 | 1.80] 17.5} 1.42 
0.60 | 3.300 1.70 | 1030; 453 | 8.5 | 3850 | 3,00] 2u5} 15.0] 1.52 
0,75 | 4300 3.60 | 1130 | 435 | 0.0 | 3500] 6.00} 3u5} 14.0] 1,78 
1.00 | 5 350 7.00 | 1330] 416 | 05 | 3150 | 7.27) 4.30 | 10.0} 2.10 
1.25 | 6 500 12,50 | 1840] 381 | 10,0 | 2750] au | 5% 9.7 | 245 
1,70 | 8 000 24.80 | 1800| 265 | 11,0] 1750] 81 | 78 |. 7.7) 293 
2.25 110 000 49.50 | 2200; O} 120] -0] 87 |100-] 70] 3.60 


‘A being as above. 


The properties of the products gradually approach those of an ideal 


gas as the expansion proceeds; (40,9) cannot be used to discuss this 


Bal 


transition, for it represents the behavior accurately only for very high 


pressures. Instead, we use the energy equation, 


PY — U, “ 
, Be AE + AQ, - (40,21) 
in which aubscript i! denotes the initial state (that at the front) and 


subscript 4; some intermediate state, AQ being the residual heat in that 
state (the state in which the mixture becomes effectively an ideal gas). 


Any subsequent expansion obeys the law 


of we pro =a const, (40,22) 
dn whioh _. 
, ime ter P< >t 
and . 
“BQ -—= Pr'e ‘ 
wat (40,23) 
Now (40,9) 1a the deentropio equation for the first stage of expan- 
sion, 80 a _ 
PU, 9" P;' ire. 
settee cen ae ® (40,24) 
The energy equation ie . 
Bm 0+ Hmong eye ; (40,25) 
Comparison of (40, 121) with (40,25) gives us 
te fen a 
Qe: =Qtagti i 
whioh, when the pete of (40, 23) de inserted, “becomes 
oar 
Hite 3S} [0 aa: (40,26) 


That is, we réplace- au _. 
. po! we const 

(an equation of isentropy with y variable) by (40,9) and (40,22), which 

are matched to ensure that the law of conservation of energy is obeyed. 


It is very convenient here to introduce tue hk: defined by 


7 


t . 
This ie an approximation, and (40,26) shows that this tk; corresponds to 
AQ me Ui; " then we use a single formla Pine M (a) for the entire range of 


the expansion. : ‘Table 55 shows that ek “tor Po: of 1.55 to 1.63 (the 


Ban 


usual range for high explosives) . This means that we may use a:mean 
value & of 3 in approximate calculations on detonation-front parameters 
and on the expansion of the products; precise calculations require the 
&, of Table 54, of coursa. The basic relations for’ detonation waves 


then become 


pi Dt a = 
Pal 5 ieee Sad a Cs ee 
“Be 1 . 4 . | . 
eproeto Battos. | co) 
(here and henceforth, by k is meant ho). “ 


oo 
ZEL'DOVICH and KOMPANEYETS have given a more rigoréus treatment 


based on the above assumptions; their results are 


- 4 (40,28) 


p=Bu-"i1+yl, 
{ati+[2+Eia- si 


Dm Q i BE ar a OE ys 
(a= Tt ia— I )fat te \E SPF " dal 


(40,29) 


‘de the ratio of the temperature component of the pressure to the elastic 
component, ime (in which Ce is the specific heat asaooiated with 
the vibrational motion, which is converted to forward motion or rotation 
as the expansion proceeds), iis as above, and B'is a constant dependent 
on the nature of the explosive. The relation of 2 to po: for TEN gives 
BQ i= 0.473 and = 2 4.8; wide 2.8 to 3.0, whioh te almost exactly 
LANDAU and STANZUKOVICH's value. Calculations from (40,19) and (40,29) ” 
also give similar resulta. The Dtor a condensed explosive may be cal- 
culated approximately from ° oe 

Di=D. Vf B,. | (40,30) 
in which subscript 1 relates to some standard explosive (say, trotyl) 


whose D?is known accurately as a function of py: This gives Din terms: 


of .Q for A given density; the *osults are in agreement with experiment. 
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‘imple. Determine D for hexogene for p, = 1.6; Q, = 1360 kcal/kg. 
The D, for trotyl for this density is 7000 m/sec (Q = 1000 kcai/kg), go 
(40,30) gives “p= 000 V/ TE bi00" w/o. 
Measureme..s give D for hexogene at 1.6 g/cm? as 8200 m/sec. 

The following is a simple me.s0od of deducing &, waich was described 
by POKROVSKIY and STAN YUKOVICH. The perpendicular to the axis of a 
long charge makes a certain angle @ with the direction of maximum density 


for the fluxes of energy and momentum; we may assume that 


in which u,, is the apeed of the products along the axis behind the front 
and‘wiis the speed of the products escaping from the surface of the 


charge along the normal to the axis. Now 
oye _ bee ee 

t wa om 24D 

w= EET) VR BHT SO 

1 


A—t 
k= 1—2 ung 


Are cee) el ° 

This means that we have only to measure 9; various methods are available. 
For example, a curved charge may be detonated on an aluminium plate, in 
which case the damage is most pronounced along an arc of radius 7 that: 


lies near the ‘center of curvature. .A simple geometrical construction 


shows that 


' td 9 : k= 
po fea. ‘ 80., a 
‘ a7! ‘ I R 


DOKUCHAYEV has made many measurements of this kind, which have given ‘z’. 
of 2.85 to 3.0 for R' between 2.5 and 11 cm; _R' appears not to affeot k: 
at all, so we may say that the direction of escape is established very 
close to the charge, where the density is high and so kis efrectively 
constant. | . , 


BAUM and SCHACHTER have used an entirely different method to test 
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the compression law for condensed explosives. Here use was made of the 
kinematic parameters of the shock waves set up in certain nedia in order 
‘to test the Jaw for pressures up to 2 x 40? kees/ eur. wit La very cone 
venient for this purpose, because the region in the shock wave pecones 
opaque; the motion of the wave can be recorded photographically. 

If the charge is in contact with the water, we must have that p =p 
and u,=4u/' when the detonation wave reaches the interface (here Po i8 
the pressure in the gas, p' is the initial pressura of the shock wave in 
the water, ug) 38 the speed of the interface, and w' is the initial flow 
speed behind the shock front in the water). The compressibility of 
water is very muvb larger than that of the highly compressed products, 


BO a rarefaction wave appears in the latter; then 
See 


ce wou + f 


bd Py 5 vee 


(p46 density), which, with the equation of dsentropy ‘p= Ap*,, gives us 


that 


~~ o 


som sof +r [1 -(4)* I] } (40,34) 


Then ity, oo. wee es 
(BV (Pa Po) (Uns — Yaw)» 

: on (40,32) 

in which ‘to, and Yay are the specific volumes of water in the unperturbed 


' state and at the front respectively. But, “po, » FT.) (40,32) may be 


put as eee ame _ 


ae 
dm (Fa (1 — fee)". 


tne ; (40,33) 

The relation of p to # for water is given for a wide range of 
pressures by Ce enn oe 
corte coy 


; a (40,34) 
COLE gives A = 3047 kg /om@ and a= 7.15 for fresh water on the basis of 


BRIDGMAN's results for the compressibility as a function of temperature; 
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(40,33) and (40,34) give us that 


at = B0-p., : p= fe (22 41)"%, (40,35). 
The shock wave has a speed ; _ 
D' = a = 2 = & I 
{Po If Poo I—P (40,36) 


Par . a 
SCHACHTER has measured the initial speeds of shock waves produced in 
water by trotyl and by retarded hexogene; the speeds were measured in the 
direction of propagation of the detonation wave in the charge (Table 56). 


Table 56 


Initial Parameters of Shock Waves in Water 


Explosive 


Trotyl 


1.61 7000 5560 129 000 | 2300 
Hexogene 1.60 8000 6100 166 000] 2665 


Here D! is experimental, while p, and uw! are from (40,35) and (40,36). 


Equation (40,27) enables us.to put (40,31) as ' 


we eaeltesteli—gpaenitl}, — coum 
The only unknown tg &, which is the quantity required. The results 
given by the parameters of Table 56 are satisfactory if 1 is taken as 
3.17 for retarded hexogene and as 3.20 for trotyl; that is, these two 
very different explosives have almost the same equation of isentropy, 


whioh is _. . 
pou") = const, ‘ 
(40 ,38) 


in which # (= 3.2) ie ologse to the value of 3 assumed previously. 
In 1958 COOK criticized the hydrodynamic theory on the ground that 
thermal conduotion' is not negligible for a detonation wave; he con-_ 


sidered that a heat f).ux can move at a speed substantially in excess of 
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the speed of a normal detonation wave. The consequence of this ia that 
he rejects the parameter distributions for the reaction zone implied by 
the ZEL' DOVICH~DORING theory (section 37). As confirmation of this he 
quotes his experiments on the spresd of the emiasion region in tetrani- 
tromethane before the normal detonation conditions have bacoma estab- 
lished (speed in excess of 30 km/sec). There is, however, no justi- 
fication for equating the spread of the emission to the spaed of the heat 
flux; ‘other effects may be responsible. In particular, COOK's 
tetranitromethane charge was detonated from both sidea simultaneously by 
symmetrically placed charges isolated by layers of lucite. There is 
always a delay before the detonation becomes normal under these condi-~ 
tions; a weak wave is generated initially, which releases only part of 
the chemical energy. This wave does not produce a strong emission. 

Two auch waves interact to increase the parameters (especially the temp« 
-erature) very substantially; the reaotion proceeds much more rapidly 
in the refleoted waves. This means that the delay before the emission 
becomes strong will vary from one part of the charge to another; it 
will be least in the plane in which the waves meet. This means that, 
under suitable conditions, the phase velocity of the emission can be 
indefinitely large; it has no relation to the rate of spread of heat. 

The hydrodynamic theory has received an important confirmation in 
the recently published work of Et. DOVICH, TSUKERMAN, and RIVIN, in 
which short X-ray pulses were used to measure the density distribution. 
GOOK's criticism of the hydrodynamic theory 4s not convincing; hie 
deductions are based on an incorrect intarpretavion of his results. 
41, Limiting. Conditions of Stability 
Any gas mixture will detonate stably only within certain limits of 


concentration. Table 57 collects limits as given by various workers. 
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Table 57 
Conoentration Limits for Detonation at Room 
‘Temperature and Atmospheric 2 - 


Tes a lt ee 
Toy uy ba | # Hato, : 


C 


BES ct 
These limits apply for tubes 10-20 cm in diameter under laboratory con- 
ditions; they are somewhat wider for larger tubes. KOGARKO and 
ZEL'DOVICH have found that H, in air has limits of 15 and 63.596 H, for 
a tube 305 mm in diameter, for example. The lower limit ia a result of 
the fall in Dand of the relative rise in the importance of heat loss. 

If the above relationships apply to the entire reaction zone, then 
‘Digannot be less than would correspond to point M on the Hugoniot curve 
no matter how low the reaction rate may be. Two conditions basic to 
those relations must be complied with, namely a) there must be no loss 
of heat by conduction to the cold tube and no friction at the wall of 
the tube; bh) the tube must be absolutely rigid. Then the front remains 
Straight, and all parameters are functions only of a coordinate whose 
axis is that of the wave. These conditions do not apply to real: tubes, 
of course; the reaction cannot persiat at all unless the rate of pro- 
duction of heat exceeds the rate of loss, and, in the limit, 4 = O/Q > 1, 
in which Q,; is the energy used by the wave and Q is the chemical energy. 
The balance between production and loss moves unfavorably as the reaction 
rate falls: in. decreases, with the result that D does ihe sume. 


The energy balance as defined by HUGONIOT's equation is altered if y<1; 
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the wave propagates as though the chemical energy had been reduced by 
the amount of the heat loss. 

ZEL‘ DOViCH and LEYPUNSKIY have stown that the agnition conditions at 
a detonation front are essentialay the same as thosa for igeitios Sy 
rapid adiabatic compression. They ignited the explosive mix.ure by 
means of a bullet from a special small-caliber rifle; a shock wave 
having the speed of the bullet was formed at the tip. Speeds of 
1700-2000 m/sec were sufficient to ignite 2H, + 0, + 5Ar, although the 
gas.was compressed for no more than 10 msec. 

VENDLAND has calculated the temperature at the front of a shock wave 
moving in a limiting mixture with a speed equal to the limiting stable 2; 
he finds it to be close to the ignition temperature as measured by adia- 
batic compression. Of oourse, the excitation mechanism for a condensed 
explosive is rather more complicated, for the temperature change in the 
compressed layer is comparatively small. 

The -above results show why 2 is reduced when the tube is of small . 
diameter; much heat-is lost to the wall. ZEL'DOVICH has considered 
the theory of the limite and Das affected by heat loss and friction; 
the detailed treatment is given 4n ZEL'DOVICH and Kompaneyets' B book 
"Theory of Detonation". 

Similar effects, whioh may retard or suppress the detonation, can 
occur if the tube or casing ruptures during the process; this occurs 
mainly for condensed explosives, which produce very high pressures. 

The products then escape from the sides; the resulting rarefaction wave 
enters the reaction zcne and may cause the pressure at the front to fall 
very greatly. The precise effect is dependent on the ratio of the. 
width Ll of the reaction zone to the diameter qd, of the. charge. Let 1 


be the reaction time, and let ™-be the time needed for the wave to 
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propagate back to the axis of the charge (a distance 4d,/2.); then 


ad dy" 
=F ran (41,1) 
in which ¢- ia the apeed of that wave (the speed of sound in the products). 


If >t: , the wave reaches the,zone before the reaction is complete, in 
which case the preesure at the front will fall below that corresponding 
to point “on the HUGONIOT curve; the produots start to expand rapidly 
before the reaction is complete, 
go not all of the energy is uti- 


lized and Dis reduced. Figure 


t. , ns 71 illustrates the general beaa- 
ie ' . a 
‘ vior of the rarefaction wave. 


Fig.’ 71. Detonation in az Here Dis a function of 


open cylindrical charge. 1) Lbs in which 1, 4s the effeo- 


Detonation direction; 2) rare- tive length of the reaction zone. 


faction wave; 3) region unaf- The D corresponding to point M is 


fected; 4) rarefaction front; then the maximum speed; the mini- 


5) zront of escaping products; mum diameter of charge d, that can 


6) explosive; 7) zone of ensure this speed is given by 


products. n=y. or —s as 
d, ml, (41,2) 

because cae (see section 42). This applies to a charge of unlimited 
length. ~ 

COOK and othere have drawn the same couclusion from the effects of 
particle size ond and on the radius of curvature of the detonation 
front. This enables us to Svaluate the reaction rate if g, ts known. 
Figure 72 illustrates the situation in a charge of this diameter; the 
hatched area represente the zone that remains unaffected by the rare- 
faction wave during the reaction. The central zone of the detonation 
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wave moves with a speed 2, 


whereas parts nearer the ecze 


whe Cake ee. 


lower specds. The result is 


Fig. 72. Detonation in a charge a curved detonation front of 

of diameter dni .8) profile of the shape shown in Fig. 92. 

wave front; other notation as The radius of curvature Ris 
for Fig. 71. roughly equal to 2, if 4 lies 


between d and d_ (the criti- 
cal diameter); the speed of any given point on the front varies as the 
sine of the angle between the axis of the charge and the tangent at that 
point. The process ia steady, so the front moves witout change of 
shape. 

BELYAEV has reoorded the motion of such fronts and has demonstrated 
that the central part does move appreciably faster than the edge. COOK 
has made systematic studies for various explosives; he finds that the 
front is spherical and that 0.5 < Raa! ds « 5.5 for all the explosives 
he examined (apart from NH NO,). 

:D: starts to fall if d is reduced below 7 , and reaches a limit do, at 
a This represents a limit to the stable state; below it, no: shock 
wave can exoite a self-sustaining reaction leading to a stable detonation 
wave. If D, and hence the pressurs of the sheck wave, falls below this 
limit, the explosion wave dies away, -The critical shock-wave parameters 
are characteristic of the explosive. Other things being equal, the 
higher the reaction rate, the lower d,, anda, the casing has’ an effect 
here, because it restricts or preventa the cscape of the products. 


KEARITON formulated the stability criterion in the form u< te ; he 
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considered that no steady detonation was possible for u>t. The 
measured d-, agree closely with those given by (41,2), which tends to con- 
firm this view. If we assume that Dis a function of Utne 9, being 
maximal for %.= 1, we can establish a relation setween D ance a for the 
range ¢de<d<adn, for charges of constant density and particle size. 


We assume that Q,,, the energy taken up by the front, is proportional to 


t 
L, (Qs=Q, the total energy of reaction, when 2 = vm? 80 genie, 
en & . 
But D’ cc Q and L, a 4 50 
_ Da = “da 
Da pm * (41,3) 


dy being the diameter and D, the maximun p/p, Now L increases as d, 


decreases, On aocount of energy losses and reduced temperatures; JU. can 


P 
be deduced from kinetic considerations. Here L, = tD, and tat » ina 
. o 
which y, (the reaction rate) is proportional to exp(-2/ RP) . These 
relations imply that oo. 
: FP may 
be Be gti () 
om “Dae mas \ @ ”. (41,4) 


“ 


in which 7, is the temperature corresponding to Q,, -7,,, being the same 


for 9. Then (41,3) and (41,4) imply that 


Dam Dud? eg (TE) (44,5) 


We need 7, (d,) in order to calculate D,'as a function of d,; this 
presents some difficulty. However, D,(dz) is known from experiment, 40 
we can find To(de) 3 in this way wo can find the temperature corres- 
ponding to the condition of limiting stability. In this connection, we 
may take the ve of (41,5) to represent the mean temperature in the reaction 
zone. 

JONES and #YRING have dealt with the theory of detonation for 
charges with a< d,i the two treatments, although rather different, give 
almost preciaely the same form for 5 =f(4): , in which aie the 


width of the reaction zone. JONES 'a theory is based on representing the 
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charge as a moterial issuing from a nozzle (in a moving system of coordi- 
nates). Hydrodynamic relationships a e deduced for tne expanding pro- 
d@ircts (the PRANDTL-MEYER problem). EYRING's theory differs from JONcS's 
in the assumption that the wave front would be flat cut becomes curved 

as a result of lateral escape of products. ’ The relation of curvature to 
speed is deduced. Both theories deal with charges with and without 
cases; the case, if thin, is asaumed to start moving before the reaction 
‘is complete, so its effects are determined by its inertia. On the other 
hand, the shock wave is taken to be responsible for the expansion if the 
case is very heavy; here lateral escape of products is mainly a result 
of the compressibility of the material. 

The two theories often give good agreement with oxperiment; their 
main disadvantage is their assumption that the reaction zone is of con- 
stant width when d < dn. KHARITON has claimed that any system in which 
an exothermic reaction is possible can be detonated under suitable. con- 
ditions, no matter what the reaction rate; the slower the reaction, the 
greaterd.. This definition of capacity to detonate is not sufficiently 
precise, because it neglects the critical conditions associated with 
initiation at the detonation front. In fact, if :@ is small, and if the 
2, corresponding to that Q'is less than the critical speed D_ (the speed 
needed to initiate the Teaction), then no a however great. can give rise 
to a steady detonation wave. (I. Ya. PETROVSKIY first directed atten~ 
tion to this point.) This means that we can assume that a system can 
be detonated only if it can give an exothermic reaotion such that D can 
exceed De» 

The above arguments as to the limits are dealt with in detail in 


chapter VIII, which presents experimental results, 
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42. Parameters of the Producta Hehind the Front 

The detonation wave is always associated with a rarefaction wave, 
which appears as soon as the reaction is complete; the reason is that 
the products move with a speed u in the detonation direction immediately. . 
behind the reaction zone, where they are under high pressure. The pro- 
ducts come to rest, and the pressure falls, if the charge ia contained in 
an indefinitely strong tube closed at the starting end. It is readily 
demonatrated that the law of conservation of energy is violated if the 
rarefaction wave is neglected. The entropy at the detonation front 
remains constant, and behind the front we have an isentropic expansion, 
go the effect oan be described in terms of the first two equations of za: 
dynamios. All parameters depend only on “* and't; (see section 22) if the 


wave is ‘plane; the equations then become 


Hee ee! cai 
Pate tear h ae Hea AO SON (42,2) 
: - mo wre. ’ 
and these give us that , 
(ee gepe) tere £ (de eee) mo. 42,3) 
- . votes Sones at 
af oe 
Mowe tT ¢-+conat. “ (42,4) 


(42,3) da satisfied exactly, so the initial system of equations can be 
put as ) ey 
. Ou Ou: 
+(a4¢)=—~=0, | 
i (42,5) 
which enables us to put the solution ss ' 

| x=a(usee)t+-F (u). (42,6) 
This describes propagation in one direction only (a feature character- 


datic of detonation waves); the positive sign is taken if the propagation 


ie from left to right in the direction of x: increasing, and vice versa. 
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Then the parameters are given by the solutions 
HSUEH E () V 
_ (42,7) 
gn Sn [- 

Let us suppose that the detonation starts at the closed end of the 
tube (*=0) at time t=O! and propagates from left to right; the plus 
eign is then used in (42,7). The position for fem0! is defined as 
‘xem, 80 Flu)mmQ', and 

» Rear) t (42,8) 
For a strong detonation wave, === = 
D- A. : 
ui “aET af EET ‘ 
Then the constant in (42,4) is | ; 


const — G2. (42,9) 
+] 
Thus the’ rarefaction wave is described by, 


—D 
Fmute, me BE * ; (42,10) 
The tube is closed at xm i wo these equations apply only for!x. for 


which ‘4 is not zero; all parameters remain constant back as far as 
x=0, from the point at which u=m0, 
The products from condensed explosives, which give satrong detosation 


waves, have z=3; then (42,10) takes the very simple form 


x v 
TF muTe, Pai taeda (42,11) 
Te) a ee. . . 
‘k D £ —D 
Cae te SETT (42,12) 
. - 1 er ae aoe 
At the front, pa. ' mgd, and et D 4 when. umn) 
fap) a ee _ (42.13) 


Then (42, 12) implies that - ‘w and ‘ovary linearly in the range BF £ <n: 


‘ = 0 ana =F for 1c tek ‘ 


Figure 73 shows. la’ and “é\as functions of 


‘time; the point of transition from 


expansion to rest lies half-way between 
Fig. 73. Variations in u the detonation front and the point of 
and ¢ behind a plane ‘wave initiation. 
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If; k=ds, : ee 
av. 
paedg). | emg 
Bo for the point at which ‘umm, 
roe 8 2, 8 
i Ck a hn hd (42, 1h) 


That is, the pressure follows a power law, while the density varies 


linearly. Figure 74 shows 
this. aul parameters are 
functions of + only, so the 
wave gradually becomes broader 
but does not change in shape 
(a sslfemodeling process). 


Table 58 gives results for 


. : 2 7 various values of &; the 
Fig. 74. Variation in p'and 

pressure ratio olearly is 

behind a plane wave with A=3:, 

“ ‘ little affected by &. 


Similarly, a spherical 


charge detonated at the center gives a wave whose parameters are functions 


Table 58 ; of cit. only; ZEL'DOVICH has 
Density and Pressure in the Zone ‘given the detailed argument, 

of Rest as Functions of of which only the main 

k | Pe on | results are presented here. 

2, Pj : : 

40 0.40 - 0.67 Figure 75 shows the para- 

a a re “heb. were o 

1°20 035 er) a meters for “‘feeQh ere c ia 

1.0 0.368 = — 0.369. |. somewhat less than D/2. for 


~ 


rar 


the point at which ‘wens A characteristic feature of spherical: waves is 
that the pressure falls very sharply behind the front; the pressure and 
density at the front and at the center are as for the corresponding 


points on a plane wave. 
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The first result of a detonation in a closed apace is a pressure Dop- 


(the sane at all points), the density being stiil 


‘Po. , This pressure is given by, 8% 9, , 


: BO 


Pave (A 1) B0Qer (42,15) 


‘fg. fg. | The pressure at the detonation front is 


Fig. 75. Vari- py 2(k—1)FuQo. (42,16) 
BO py/Pwy = 2. The increased pressure at the front 


ation of Pr Ry 


and u: behind a is balanced by reduced pressures elsewhere, because 


spherical deto- ‘Pam 0.6 paw, . The maximum pressure would be Pav, 


‘nation wave. if the reaction was simultaneous at all points; 
that is, the local effect of a simultaneous explo-~ 
aion would be less than that of a normal detonation, although the total 
effect, being governed by the energy release, would be the same. 

The above results show that a detonation causes substantial ohanges 
in the energy content and other parameters of the products; we ‘shall . 


eee (in chapter XISI) that thie feature occurs also for the processes of 


escape from the surface of the charge. 
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CHAPTER VIII 


EXCITATION AND PROPAGATION OF DETONATIONS 
/ 


43. Excitation 


Thermal or mechanical shock, or the direct action of a detonator, 
is the usual means of initiating an explosion. The initiation con- 
ditions are dependent on the method used, on the type of explosive, and 

on the parameters of the oharge. Heating or local ignition almost 
always produce a period during which the material burna at an inoreasing 
rate; ,the duration of this phase is dependent on the density and dia- 
meter of the charge, the initial temperature, the external preseure,. the 
strength of the casing, and so on. The process may develop rapidly or 
not at all (in the latter case, the charge merely burns). Some deto- 
natore detonate almost instantaneously no matter what the conditions. 

Section 6 deale with initiation by impact; the typioal features 
are as follows. ‘The hot spots produced by the blow are the aotive cen- 
ters; the reaction in these spots goes to completion long before the 
blow is over, and so it propagates into the material with the speed 
characteristic of explosions. ‘These conditions are very different 
from those of thermal initiation; all transient effects are restricted 
to a thin layer of material deformed by the blow and last only & hun- 
area micreseconds or so. ‘The subsequent propagation is dependent on 
the extent’ of the process in the’ primary layer; a powerful blow causes 
the charge to detonate, whereas a light one may cause a iocal spark 


that dies away. 
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Initiation by a detonator was discovered by NOBEL in 1864; he 
observed that nitroglycerine or dynamite was readily caused to explode 
complétely by means of a small charge of sacrcury fulminate. Sub- 
sequent research revealed detonators even better than mercury fulmin- 
ate; these are principally certain inorganic azides, and, in partic- 
ular, lead azide, which has largely displaced mercury fulminate. High 
explosives with little tendency to detonate are nowadays commonly deta- 
nated by means of more sensitive explosives (TEN, hexogene, tetryl), 
which themselves are initiated by a detonator. ‘ 

“Much experimental work has been done on detonators, but the initi- 
ation mechanism was long neglected; major studies have been made only 
since the war, in particular by BELYatv, KHARITON, PETROVsdIY, and 
SHEKHTER in the USSR. The mechanism is now considered to be as follows. 

The detonator is in close contact with the charge, as in Fig. 76 « 
A shock wave starts to propagate 
through the charge when the detonator 
explodes; for simplicity, we assume 
that the density and compressibility 


of the two materials are the same, 


which means that the speed of the wave 
_Fig. 76. Development of does not alter as it passes through the 
an explosion in a charge. interface. No detonation can arise 
; directly via the impact mechanism if 
the initial speed of the shock wave is below the speed of sound; for 
example, consider an attempt +1 detonate a charge of trotyl of density 
1.60 g/on by means of ammotol 90/10. If the latter is used in a dia- 


meter close to the critical diameter, the detonation speed will be about 


1600 m/sec, which ia too low to excite an explosion directly in trotyl, 
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because the speed of sound for trotyl of that density is (according ta 
REMPEL') about 1900 m/sec; for po = 1.665 (a monocrystal of INT), the 
speed is 2700-2800 m/sec. 

Of course, the hot products from the detonator may ignite the 
charge, and the burning may go over to detonation under favorable con= 
ditions. 

The following cases are possible if the speed of the initiating 
wave is greater than ¢. but close to D,. 

I. The shock wave cannot produce a self-sustaining reaction; it 
rapidly dies away, much as it would in an inert substance. The charge 
does not detonate, put it may be scattered. This corresponds to curve 
1 of Fig. 76. 

II. The wave ignites the charge, and the burning passes over into 
a detonation. 

The detonation may also be initiated directly by the shock mechan- 
ism; the shock wave travels at a relatively low speed in the first part 
of the charge. The explosion is then delayed by some microseconds. 
Such conditions are close to the critical ones, and, in practice, the 
process is liable to die out. 

The first necessary condition is then that the initiating wave 
should have a speed in excess of some limit; this is readily ensured 
if the detonator explodes \.ith sufficient speed, as is usually the case. 
The second necessary condition is that the energy release should be 
sufficient to maintain the pressure at the front. The proportion of 
the energy s0 used has al ready been calculated (section 41) as a func- 
tion of Lf, (Fig. 71). The speed D, of the rarefaction wave in an 
open charge is almost constant; ‘D,&.0/2, 50 1/0, determines the 


reaction rate, other things being equal. An increase in rate reducea 
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dv, and so increases the proportion of the energy that is used at the 
front. 

The L, for the steady state is dependent on the diametors of charge 
and casing. The initial width of the wave is very much dependent on 
the parameters of the detonator; the area of contact increases with 
tha diameter of the detonator, and this has the effect of increasing the 
effective depth of the reaction zone. The detonator is most effective, 
other things being equal, when its diameter is the same as that of the 
main charge. An increase in length for a given‘diameter also tends to 
increase l,, beoause the layer of products will tend to prevent the 
rarefaction wave from entering the reaction zone. However, not all of 
the products move along the line of propagation of the detonation, and 
the limiting effect is attained when the length is about twice the dia- 
meter (for open charges). That is, the effective depth is jropor- 
tional to the active length of the cetonator, vee other things being 
equal. The duration of the action also increases with lL,» and this 
prevents an early fall in the parameters of the initiating wave. . 


The following factors favor detonation in a charge of a given 


density. 

1. Smaller crystal size. The lesa the size, the more numerous 
the active centers, and the more rapidly the reaction goes to comple- 
tion. The result can be a substantial increase in the ease of deto- 
nation, as LEITMAN has observed (section 9). 

2. Detonator buried in charge. The rarefaction wave is largely 
suppressed, and the area of action is increased. 

3. Increased charge diameter and the presence of a casing. These 
restrict the effects of rarefaction waves. 


If LA, is small in the initiation layer, on account of a low 
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reaction rate, the process at first propagates with a reduced speed. 
Autocatalysis may then raise the rate to the normal detonation speed 
(case 2 of Fig. 76), as is often observed. 

If the detonation rate of a detonator of optimal length is much in 
excess of that rate for the wain charge, the speed of the wave in the 
first part of the charge (several om) may be in excess of the normal 
rate (curve 3 of Fig. 76). ‘ 

The above discugsion shows that the detonation region is always 
preceded by a region of transient conditions; tze length of the lattor 
region is dependent on many features of the charge and detonator. The 
normal rate can be attained almost at once if conditions are favorable, 
especially if the detonator produces a powerful pulse, Unfavorable 
conditions may cause the process to die out, especially so after the 
speed of the initiating wave has fallen below a certain limit (curve 4 


of Fig. 76). This becomes more likely as the density increases, other 
things being equal, because ¢., tmereases, and with it D,; SHEKHTER finds 
raat 


that an increase from 1.4 to 1.6 g/cn* for retarded hexogene causes a 


rise from 2300 to 2600 m/sec in'D,. (REMPEL' gives ¢, 86 about 2.000 
3.) 


m/aec for 1.6 g/cm Moreover, the proportion of air spaces decreases, 
which means that less hot 

spota are produced by the ini-= 
tiating wave. txperiments in 


fact show that charges are 


less readily detonated at the 


higher densities, the effects 
Fig. 77. vharge for measuring vi 
being most pronounced for 
4) charge; 2) eleotrical detona- 
: ammonites. 
tor; 3) brass plate; 4) ateel 
The curve for a decaying 
plate. 
explosion has two parta. In 


343 


the first, the speed falls slowly to.D3 this corresponds to a criti- 
Cal length U,. In the second, tha reaction is no longer excited, so 
the speed falls very rapidly; the length corresponding to tnis part is 
only 5-10 mn. It is founc that ue increases with the initiating capa- 
city of the detonator and also with the sensitivity of the charge. 

These properties are used in the Artillery academy test for detonators, 
in which L. is used as the criterion, A charge of low susceptibility 
(e.g., TNT mixed with DNT, or ammonium-nitrate 
mixtures of high density) is used, the length 2 

of the charge being such that u, <it. The charge 
is used as shown in Fig. 77; .the explosion leaves 
a clear impreasion on the plate (Fig. 78). Fige- 
ure 79 shows 1, as a function of height of deto- 
nator for tetryl (2 = 24.5 mm, ‘pf = 1.6 g/cm ; 


after PETROVSXKiY). The limit is reached when 


the height is 50 mm, which is about 2'd 
Fig. 78. Imp- - 
Figures 80 and 31 illustrate the effects of 
ressions on 
detonator diameter at constant weight (20g: tet- 
brass plates. . 
ryl detonators). Clearly, 1, increases with d, 


although 4 becomes ess than optim:.l; this shows that ¢ is the more 


Fig. 79. Relation of 1, to Fig. 80. Relation of 1, 


height of detonator. to detonator diameter. 
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ae 


important factor, 1, being a linear function of a. /a, As. one would 

expect, L, Lacreases greatly when the detonator is enclosed in the 

, charge. 

44, Propagation of Detonation Processes 
BERTHELOT and others cade detailed 

studies for gas mixtures in 1881-1890, 

followed later by WVIXON and others. 


The principal work in the USSR has 


Wid 14 16 1820 BRee 7 been done by SHCRSLKIN, ZEL'DOVICH, and 
Fig. 31. Relation of 1, -SOKOLIK. The results are as follows. 
to 4 /a; the top line is 1. Ovaries from 1000 to 3500 
for a detonator enclosed m/sec, which speeds are rather higher 

in the charge. than the speed of sound at ordinary 


pressures and temperatures. 

2. OD 1is not appreciably dependent on the position of the tube 
(vertical or horizontal), on the material and thickness of the wall, and 
on the diameter (provided that this exceeds a certain iimit). 

3. Oo ids not dependent on the initiation conditions (open or closed 
end of tube, spark or flame initiation, etc.), which affect only the 
length of the transition region. 


4. ‘D'varies little with the initial temperature (Table 59), which 


Table 59 affects only the ignition cone 
Effect of Initial Temperature on ditions. The slight fall at 


Detonation Rate the high temperature is caused 


Ita Oy. CH, +30, by the reduction in density 


D 'D 

n/oce p/ueo (the tests were done at atmo- 
|), 3821 9581 apherio preasure). 

2790 


2538 


5. 2 generally increases 
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with ‘fo (pressure), slowly at low pressures and more rapidly at high 


ones. 


6. Dis dependent on the composition; every pair of gases has a 


best ratio (the one giving the highest D; Fig. 82). 


| | 
un 
Nae 
\_ 
F 


Fig. 82. -D for aoetylene- 
oxygen mixtures as a func- 


tion of composition. 


Dilution with either com- 
ponent results ultimately ina 
mixture that will not give a 
stable detonation wave; for 
example, one limit for hydrogen- 
air mixtures lies at 18.5% hydro- 
gen. This limit corresponds to 
Da20D,. The lower limit for 
ordinary combustion, for com- 


parisor, is 4.1% hydrogen. 


‘imilarly, the upper concent- 


ration limit for detonation lies well below the upper limit for ignition. 


Inert gases also affect OD, but the effects are-very much dependent 


on the nature of the diluent. 


For example, excess of hydrogen (which 


remains unused) within certain limits actually increases D, although 


the temperature of the explosion is reduced (Table 60). 


Table 60 


Effects of Diluting Explosion Mix- 


. ture with Hydrogen 


i 2H, + Oy 

: (2H, +- Og) ++ 2Hy 3314 3273 
" (2Hy + O. any 2976 3527 
ae: oft oH 2650 3532 
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The increase 
is associated with the 
decrease in the mean mole- 
cular weight in this case; 
(38,18) shows that ,D* is 
inversely proportional to the 
density of the products, 30 
helium added to 2H, + 0, also 


increases '/D, whereas an equal 


molar proportion of argon reduces D (Table 61), although both gases 


Table 61 affect the temperature id... 
Effects of Helium and Argon on D,° tically. 
for Explesicn Mixture The theory shows that D - 


for a condensed explosive ia 


| 
T eK D . . 
| primarily dependent on Q, 
2Hy + Or “| 3583 2819 q - 
3H tO) + atte Est 3130 other things being equal, al 
QH, <- O- + 5He | 3097 3160 
3265 ae) though the physical parameters 


re + Oy) dAr 


QHa + Os) + SAL 3097 ied 
of the charge are important. 


The major factors here are the diameter, density, phase state, crystal 


size (for solide), and casing (:f any). Sina Of these Getermine whetaer 


2, Ys00 a@ Geton tion will oceour ot ull ules 


certain corditions. aay studies rave 
been made of the effects of oharge dia- 
meter d; BELYAEV and BOBOLEV in the 
7 am USSR, and LOOK abroad, have made the 


Fig. 83. Relation of D most systematic investigations. It is 


to’ diameter of charge. found that D- increases with d. up to 

some limit das which varies from one 

explosive to another. Figure 83 shows the general form of the relation. 
Published results indicate that d,., is about 30 mn for dynamite and 

cast TNT, or 10 mm for INT pressed to a Po of 1.60 g/em,’ Hexogene 

with a po. of 1.0 g/cm has ad of only 3-4 mm, whereas cast 50/50 

ammotol has a d. of about 120 mm. - No steady-state detonation is possa= 

ible unless d > das the process simply dies away after a certain dis- 

tance. This "d, corresponds to the D., for the given conditions. 

BELYAEV has measured 2 for ammonites, and BOBOLEY for other explosives; 


a and a are found to be functions of density, grain size, and casing 
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conditions even for a given explosive. 
In articular, d, is very sensitive to- 
‘  gpition, as’ Pig. 84 shows for azo- 
tol (amnoniuz nitrate mixed with TNT; 
after BELYAEV). Here the density 


varied only from 0.83 to 0.85 g/en’; 


POTN UUE HE BEB: the powders were sieved to give a maxi- 
_ nitrate . 
woe eres mum grain size of 0.4 mm before use. 


Fig. 84. Relation of cri- Clearly, a. rises very sharply above 


tical diameter to composi- — 41. go/20 composition, although D falls 


tion for ammotcl. only from 1300 to 1100 #/se0 betweon 

compositions 80/20 and 97/3. (ihe @) 

for the pure nitrate of density 0.7-0.8 g/cm’ is 80-100 mm, and .p, is 
Table 62 


Critical Diameters for Charges 


Explosive Ps g/om? Crystal size, mm |-d., mm 


0.2 -0.07 
Pioric acid ws . 0.75+0.1 


Solid nitroglycerine 0.4 


Hexogene . 0.15=0 .025 


0.1 ~0.025 


"4100 m/sec.) Table 62 gives BOBOLEV's results for some explosives; 
these relate to charges in thin-walled glass tubes. 

Some explosives, especially ones very readily detonated, have very 
small +4. ; for example, id 3 0.05 mm fora stoichiometric mixture of 
tetranitromethane with -nitrobenzene (HOLBINDER’ 6 value), while BOWDEN 


gives a d:. of about 20 » for lead ezide of nearly maximai density; here 
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d= 400 ye The corresponding D for the last case are 2000 and 5500 
m/sec. The azide merely decomposes slowly if d < ao The d tow 
typical honogenecke 
explosives are such 
smaller than those zor 


compositions containing 


5 7 6 a 25 ae? Nd) NO,, on account: of 


Fig. 85. Relation of D to charge dia- differences in the 


meter; effects of grain size. reaction rates. The D. 
for typical high expio- 
sives are 2200-3000 m/sec. 

The limits ds and a. increase with the grain size anc tend to 
diverge, on account of chanze in the width of the reaction zone. Tiis 
trend is common to homogeneous and mixed explosives. Figure 85 (after 
BOBOLEV) gives some results. Curve 3 relates to picrio acid (ip, = 
0.95 g/om?, grains of sizes 0.1 to 0.75 mm), while curve 4 relates to 


the same material but of rather smaller grain size. The effects may 


be summarized as follows. For picric acid: 
Grain size, mm 


0.1-0.75 


Small 


, 


0.2 -0.07 


0.05-0.04 


he grain size does not affect the D’ for a Given: fy it affects 
ouiy the rate of approach to that limit. Further, it does not affect 
D,: 

These rules apply algo to mixtures, bur as ana ¢, are usualy uuca 
larger than for homogeneous explosives. For example, BELYA£V's results 
show that ever. very fine-grained dynamon (12% peat and 88% NH, NO,) gives 
a O that is very much dependent on d/when the latter is 80 mm. This 
shows that many practical charges havé “d< a 

Some observations by FRIEDERICHS for TEN are relevant here. Fine- 
ly powdered TEN was pressed (3000 kg/cm), and the product was broken 
up into pieces 4-5 mm in size, which were packed into a copper tube 
15 mm in diameter to a mean density of 0.753 g/cm. Here D was 
7924 m/sec, whereas tne normal D. for that density is only 4740 m/aeo. 
Trotyl and other less sensitive explosives do not give anomalous 'D, 
under these conditions. It is claimed that here tae detonation pro= 
pagates with the rate characteristic of the individual pieces, not as a 
continuous front, but this leaves tne question open, for TEN and hexce= 
gene show the effect, whereas explosives such as trotyl do not. ROBOLEV 
has solved the problem by applying XHARITON's stability criteria. The 
pieces detonate independentiy if their size exceeds di then the deto- 
nation is transmitted from piece to piece at a rate characteristic a7 
the density of the pieces. The pieces cannot detonate in this way if 
their size is less than ay s0 a continuous front is formed, and the 
normal Dis found. Now 4 mm is less than @, for trotyl, so tuis gives 
no anomalous )p. We would expect anomalous D for certain detonators 
whose d., is less than their grain size, and FRIEDRICHS has actually 
observed this for lead azgide and mercury fulminate at medium densities. 


For example, Dis 4423 m/sec for lead azide of: f, 1.60 g/cm, which is 
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almost tha D for 3.25 g/om (4500 m/sec). 
The casing affects D because it restricts the lateral rarefaction 
waves and so favors complete use of Q in the detonation. This would 


* 


indicate that the casing should have a more marked effect for an 
explosive that réacts slowly; in fact, it has often been observed that 
‘explosives based on ammonium nitrate give much higher Dvhen they are 


enclosed in strong casings. The casing has little effect for a deto- 


nator. In general, the effect on Dis appreciable for a high explosive 


Table 63 only if d and p, are small, 
Effects of Casing on D for Tro- as Table 63 showa. Similar 
tyl of Density 1.59 g/om results have been obtained 


for pressed trotyl, picric 
a . é , own $m. | D, rfase 


! i : acid, and so on. BaLYAkv, 
! ; \ , 
2 | 3 | armies | BOSCL=zV, and otherm have found 
i ‘ of : 
14. ) se 
| it) | 2 | : 4). that the strength of the 


casing is without effect on 

ib if d adi; 2) that no casirg anc wo size of detonating pulse has any 
appreciable effect on the O, for a given #; and 3) that d and d,, for 
a cased charge are much less tian those for an oper one, the effect 
be-ng the greater the higher the inertial resistance of the casing. 

This last illustrates the most important aspect of the ov: ag, although 


the strength is also important for low explosives. The casing acts in 


Table 64 much the same way 
Critical Diameters for Ammotol as an increase in 
pe OH; BELVAey Finas, 
Hixture | . “de, | ° 
% trotyl. @ nitrate | “ vator > no cosa’ for example, that 
. 1 
| , 
wot 6 _ | 9 . the stable D for 
| 72 ‘ 12 
3 Ba 5 
A Ai 3 | a 88/12 ammotol as 
3 97 i 30 
0 | 40 | 160 charges 3 mm in 


S 


diameter enclosed in water is 1650 m/sec, whereas this’ D.is obtained 
with open charges only when d: is 16-17 mma. Table 6% ives some of 
BELYAEV's results; in every instance the water shell had a thickness 
of 2d.to 34, p being 0.8-0.85 g/em’. Further, BELYAZV found that 
ammonium nitrate would detonate stabiy «> a :¢ of oniy 7 mm when the 
charge was enclosed in a steel tube of wall. thicxness 2 cm; herejD:was 
1500 m/sec. 

Only Q, and po affect Difd >» di all other factors affect only 


the transient state. The increase in D with », is at first rapid, but 


Table 65 the rise con- 
Relation of Dto Charze Dansity - tanues ua to 
oe _ the maximum ‘po: 
| * Pdorio aoid _ Petry] | TX Pocside | 
| | 7 SS attainable. 
to g/ond| D, n/sec ro a/on3] Dd, a/aeo| ta 6/ca3| Diz/su0 | pw B/oe?! Dv, B/oes! 
: Table.65 gives 
a a a ee Ae ae 
; ; 44 : , 
f 132 | 619 | o96 | s3a7 | 137 {| 970 | 256 | 4:78 FRIEDRICHS 's 
BIEL 
] : 3. 16 : ' . 
1.70 1.68 7740 L73 4, 5276 resulta, which 
. ) ’ . 


mo a agree with 
other findings. SHEKHTER has measured # for trotyl and hexogene (the 


latter retarded by 5% paraffin 


y A 
ad ” i wax); Table 66 and Fig. 86 
é 
give these results, which fit 
485; the relation 
é Dom B oi. (44,1) 
| in which B= 5060 andia = 0.67 
cry “ 
for trotyl, while 'R = 5720 and 
A s 
‘a = 0.71 for retarded hexogene. 
275 . 
ao 16 1 ? This relation applies to many 
Fig. 86. Relation of Dito other explosives over a wide 


range in .00: "@ is close to 


BS. 


0.7. This is an indirect proof of the isentropic expansion of the 


Tabla 66 products from con- 
Relation of D to Density for Trotyl and densed explosives 
Retarded rexogene at high pressures 
—-.- ; Cp = Ap"); this 
! Tro tyk ° | : ii enanene . 
' fe g/en? D, 2/aoc l Pe a/ond D, 2/s00 type of law was 


used in deducing 


<a 


nent is olose to 


1.30 | 6025 

1.25 i 6X 

ben | 6315 vne equation of 
Tad 6180 iis 

1.50 6610 7470 

1.55 6735 7640 state. The expo- 
1.60 6960 7820 

1.61 7000 5 


3 ir tha. oF 

” (44,1) is 0.7, 

| fhe above relation between D and 
applies for any ¢> d,, for homogeneous 
‘explosives; mixtures of two components 
give D. that increase with » only up to 
sone limit, beyond whieh there’ 4 a 


repid fall and ultimately a failure to 


deconate. D'AUYRICHE has demonstrated 


i . 4 


Fig. 87. Relation of D 


this for oheddite (Fig. 87), and 
to p for cheddite. URSanSKIY and others have done the 

, gama for explosivea bvasod on NHNO, . 
The point of maximum 2 moves to higher pas ad increases, and the D 
Henerally Bagemé Higher,  Aualier arain alae and improved mixdng have 
nush phe sans atfast. 

The effect is usually discissed in the specialist literature aa 

one specific to mixtures, but we shall see that it is actually one that 


appears only when d < qa (the above results are for charges of this 
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type). BOBOLEV and others have found that id and d, decrease rapidly 
and become more nearly equal as fi. inereaacs; Fig. 08 snows BELYAKV's 
oom results for pressed trotyl, in which 
“curve 1 is for grains of size 0.2-0.7 mm 
and curve 2 18 for grains of size 
0.01-0.05 mm. Clearly, @, is reduced 


to a third when p, increases from 0.85 


Ua to 1.5 g/cm; the d, for cast trotyl of 
fa efoar . : 


Fig. 88. Relation of a, large grain size and for liquid trotyl 


to pp for pressed trotyl. Ge, = 1.46, temperature 100°C) cre both 
7 about 37 um. ‘thde wreat increase fa id 
is direotly related to the lower sensitivity of these materials. 

The fall in D when d < a ie at firet slow, but the drop to D, 
becomes very rapid as d, is approached; this is especially character= 
istic of high explosives at the higher densities. This makes it diffi- 
cult to measure dD, accurately by varying d, and many of the D, given in 
the literature are undoubtedly too high. On the other hand, a decaying 
explosion may be produced by auitable means in a charge, whereupon a 
photographic recording will give an accurate reading of the apeed at 
which the detonation terminates. This speed may be taken as D,} a 
charge of varying diameter is convenient for thie purpose. Di 
increases somewhat with ,, on account of the increase in Ci the 
increase is especially pronounced near the maximum ‘Pos and D, app- 
roaches Dax" The latter increase is not associated with change in 
Be . whieh dessa not avcsed 2000 a/sec Los typical nigh éaplusives vi 
maximum density; the cause is that the mechaniam of the initiation ‘at 


the front is altered. The hot spots are the most important when 1 Po. 


is small, on account of the numerous pores and points of friction, 


B5Y 


whereas the medium Secores more neariy homogenoous as the maximum 9 


is approached. Hcre the tomperature pine produced by the shock wave 


is important; the adiabatic compressibility of an explosive ia low 
(comparable with that of water), so the temperature needed to initiate 
and complete the reaction in a short time is attainable only from a 
shock wave much stronger than that needed for low "Po? 


For example, if we take the compression zone for hexogene to be 


=6 


10 cm wide, which implies that the zone is ected on by the wave for 


10 


about 10 sec, we find that the temperature must be 1000-1100°K. 


Rough calculations show that this temperature can be produced ina 
monoocrystal only by a wave whose D excaads 6000 m/aoc. 


BELYAEV has observed a difforent reiution Usweon d) and pa, for 


mixtures containing NH, NO,; ‘de increases with p,, expecially for high 


k 
e+. Figure 69 gives results for 80/20 amuotol and for dynamon (83% 


dma 3 NH,NO, and 12% peat). Here di, 
‘ becouzes 70 mm even when pe, is only 

1.2. g/om? (curve 1); the rise is very 

pronounced. On the other hand, ammo- 


tol 80/20 (curve 2) shows compara- 


tivahy little effect from p,. Fig- 


OF 07°08 G0 1 12 19s 15 18 
a 4 naias ure 90 shows the effect observed for 


Fig. 89. Relation of @ mixtures containing more TNT (50/50 

e 7 . , a 

to pa. for ammotol and mixture, components passed through a 
0, 


dynamon. No. 16 sieve). The behavior up to 


t.4 w/o” 2s muck a5 IGF Boor maxtures 
consisting largely of NH,NO,, whereas it becomes as for TNT and other 


homogeneous explosives at higher densities. 


The shape of the curves in Fig. 87 can now be explained. Clearly, 
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Fig. 90. Relation of d, 


to p, for 50/50 


ammotol. 


it is easy to ensure that 4 >d~ for 
homogeneous 6xplosives at all densities, 
so D-is found,to increase with p,. The 
same should be found for d sufficiently 
large for mixtures; if it is not, and 
the curve has a peak instea’, this means 
that @ >d,, only for the lower densities, 
as Fig. 91 shows schamatically. - Here D 


increases with ?' until is reached, at 


which point a, = a3 then conditions 


become leas favorable, and at some voiat 
’ « 


D can increase no further. Thereafter there is a fall until the point 


a 


; Aw fe #! 
Fig. 91. Relation of 4, 


and d, to diameter of ex- 
perimental chage 


(schematic)... 


p, 46 reached; here d. = d,v anda 
charge of any higher density cannot 
be detonated. 

This shows that the relation of 
Dto p, must be as for a homogeneous 
explosive provided that jd’ >‘: Fig. 
92 (after PETROVSKIY) demonstrates 
tile fo aamotol 90/10 (uncaned 
charges; components passed through a 


No. 38 sieve). Clearly, there is 


no tendency for Dto fall as 6 increases if ‘4 is 40 m. 


Effects of other components. Combuatible organic and inorganic 
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’ aA 
we = ys Om, 


‘88 


. 4D» ee (50 


Fig. 92. 


ammoteol 90/10. 


1a Foe? 


Relation of D to », for 


compounds affecc 'D, the effects 
being dependent on the conm- 
wound and on the uviiogave. 

For example, D for naxegene 

is reduced appreciably by 5% 
paraffin wax (from 7900 m/déec 
for pure hexogene at 1.56 g/cm? 
to 7640 m/seo for the retarded 
material at the same density). 


On the other hand, 3-5% of 


beeawax or paraffin wax inoreases the D for mercury fulminate somewhat. 


The reasons are as followa.- 
minate is very lar.e; 


Table 67 


Effects of Other Components on D for Trotyl 


Ce ee ee 


is * trotgh: 4 8b NaCl ..... 
; ro .+25% BaSO, 


15% BaSQ, .. .. 
we « “Fast AL ela. 


‘The Mfor the products from mercury ful~ 


the paraffin reducés Mand inoreases the volume 


-of the producta, 

so D increases, 
‘although the energy 
release is somewhat 
i “lower. On the 
other hand, the 


effect in the case 


of hexogene is largely one of reduction in Q. 


AB & Tule, an inert diluent tends to reduce D, though not as much 


as one might expect from the reduction in Q, as Table 67 shows. 


amounts of NaCl and BaSO, have little 


4 


through the mixtures. 
it increases g by up to 40%; 


of BaSO,- 
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ag ta the 


fven aluminium 


Large 


effect on D; these diluents act 


has this effect on trotyl, although 


the effect is very much the same as that 


The reason is that the aluminium reacts slowly, and most of 


the reaction occurs in the zone affected by the rarefaction wave, s0 
the extra energy ia net available to the detonation front. 

Two detonation rates. It has long been known that liquid nitrates 
(nitroglycerol, nitroglycol, methyl nitrate) can detonate at t.'o very 
different rates. The higher one, which corresponds to Q, usually occurs 
when d is large and the initiating pulse is strong; here D ia 6000-8000 
m/sec. The lower D. (about 1500 m/sec) occurs when dis small, but it 
can occur when dis large if the initiating pulee ie weak. Again, a 
narrow tube connected to a wide one at first gives the high D when 
the wave enters it, but the speed suddenly drops to the low D after a 
Certain distance. ecent work has shown that this effect is not con- 
fined to liquids; it can oocur alao for solids if'd is close to d,. 
BOBOLEV has observed the low Dfor powdered nitroglycerine and plerie 
acid usder these conditions, while LAWRENCE has found tliat the small D. 
increases ai be decreases (the large D increases with fo). RATNER has 
demonstrated that the effects are not associated with modifications or 
isomerio forna of the compound. 

) TSIBUL'SK:Y has found that .two distinct values of Dcan occur for 
esaplosives based on nitroglycerol, the strength of the initiating pulse 
being the decisive factor. The high ‘D is 6000-8000 m/sec, and the low 
one up to 3000 m/sec. Each af these D, has been measured as a function 
of'd; each has its ows 'J,. The same effeot has been observed for D5 
dynamite for id > 20 mm, end for DIS dynamite for d3 18 mm. The high — 
Didoes not occur for small.~ ¢ no matter how stroug the detonator. 

Thea low D'ta ananeiate’ wita inew:nlete decomposition (with a 
reduced Q,), as analysis of the products has sucwn. 

45. Initiation and Heaction Mechanisms for the Latonation Front 


The relationships demonstrated above are very much ‘lependent on 
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the reaction conditions at the front. ~ "8 very difficult to examine 
the kinetics of the reactions, and little is known at present. The: 
ignition conditions ina detonation wave in a gas are very much as for 
ignition by adiabatic compression} the reactio- is produced direotly 


by the sharp rise in temperature. The preasure at the front in a liquid 


atm, the temperature being 


explosive is usually somewhat over 10 
900-1000°K. This is sufficient (see section 10) to cause the reaction 
to go to completion in the compressed zone even when no air bubbles are 
praesent; the time needed for complete reaotion in typical high explo- 


6 


sives is 10. to 407? sec. 


The conditions at the front in a solid are not essentially differ- 

ent from those produced by mechanical shock, apart from the muoh greater 
rate of deformation; the. stresses are extremely high, and intensely 
heated spots appear, which act as reaction centers. The number of 
these centers is much larger than that preduced by an ordinary biow. 
A solid (pressed) material is more readily detonated than the same mat- 
erial in the liquid state; the difference in the critical diameters is 
a result of the higher temperatures and more numerous reaction centers 
in the solid . 

The reaction conditions ina detonation wave are very much depen- 
dent on'the composition and physical properties of the explosive. 
KHARITON considers that the mechanisms may be divided into impast, bal- 
listic, and mixed types. A mechanism is of impact type if the material 
is compressed and heated before the reaction occurs; in this case the 
material is homogenaous, and the reaction ocours throughout the volume 
of the material in the reaction zone. This mechanism is oharacter-— 


istic of gases and of bubble-free liquids; the reaction time 'r' may be 


deduced as follows. The shock wave brings the material almost 
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instantly to the state represented by |p, and :7; 1 and 50 

[eae TSS, (45,1) 
in which wis the reaction rate. This formula is not generally app- 
licable, on aocount of lack of data on the kinetic churacteristios of 
the explosive for detonation conditions. 

The ballistic mechanism is one in which the producta are formed by 
the burning of individual particles; the reaction occurs only in the 
surface layers of the burning partioles. The combustion process 
‘resembles that of gunpowder grains confined in a closed space and so 
is also called explosive burning. , This is the basic mechanism ~_- 
"homogeneous solid explosives; the gaseous producte from, the active 

oentera engulf the graina, which burn rapidly at theae high temperatures 
ard pressures. The number of active centers increases as the grain 
.aize.decreases, while the mean burning time for a particle decreases, 
so the reaction zone becomes narrower; the result ia that d, and d, 
decrease. . ° 

Consider the simplest case (a monomolecular reaction); here the 
rate wis given as a function of 7 by 


“ £ 


- wale AF (45,2). 
ho = 


to 40" sec. If the reaction were isothermal,then 


1, 
ak ar ; (45,3) . 


but the high reaction rate makes the process adiabatic. The resulting 


in whioh 'Z' ia 1077 


increase in temperature raises the reaction rate, and so on. The 
theory of explosions for gases (section 51) shows that, under adiabatic 


conditions, 


te “et RM, 
eae Sor. aT (45,4) 


4 


in which T, is a temperature close to the reaction temperature. Now 
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d,, is related to 7 by 


and so we have that 
‘am = aylne iy (45,5) 
_ a . 

in which D applies for the density used. 

A rise in density raises the detonation pressure, which intensl-= 
fies the local heating; moreover, an increase in density resulting 
from increased forming pressure is associated with a recuction in par- 
ticle size. This size affeots 4, and ‘dg more noticeably at the lower 
densities, though. 

| The reaction time for explosive burning is simply the time for a 
single particle te burn, which is 


d 
oak ae (45,6) 
in which 2/. is the diameter of a grain and ‘is the linear burning 


rate. Then 


dq Deel. (4557) 
This relation may be used to find 7, if vu ia known as a function of 
pressure for relatively high pressures. 

The-mixed mechanism occurs when the reaction involves two or more 
substances not in molecular contact; it is characteristic of hetero- 
geneous systems, especially solid ones. KHARITON considers that tha 
reaction here occura only at the interfaces, but it ia difficult to 
suppose that the original components react directly, the more so since 
they are solid. The most likely sequence for explosives of dynamon 
type is as follows. 


1. The nitrate decomposes to produce oxidizing agents; the pri- 


mary reaction here appears to be 


2NH,NO, —> 4H,0 +-Nz+2NO +29.2 . Kost, 
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2. The other components, or their decomposition prcducts, react 
with the NOs most of the heat is produced in this stage, and this heat 
serves to accelerate the reactions. 

It ia essential to mix the components thoroughly in order to ensure 
that the reactions occur rapidly and completely. Failure to do this 
may retard the reactions, especially those in stage 2, which in practice 
means incomplete oombustion (the products contain oxides of nitrogen in 
large amounts). | 

the die of an ammonite increases rapidly with ,, which implies 
that the reaction rate falle as P,, increases. The rate-limiting atep 
is the decomposition of NE, NO. ‘ (The effeot io even more pronounced 
for pure ammonium nitrate.) BOBOLEV'a observationa on d, for ammotole 
containing much TNT may be explained as follows. The rate of deocom- 


remains high while ‘p, and 2; are low, so the 


position of the NH, NO, 
reaction sequence dis basically as above; . but the reaotion with the INT 
becomes the primary step at higher densities, the second step being 


decomposition of the NH 0, (in part oaused by the first step) and 


aw | 
reaction between decomposition products. The entire process requires 

a special study, especially as regards the decomposition kinetics of 
ammonium nitrate at high pressures. 

All of the above achemes for detonation processes fall within the 
framework of the hydrodynamio theory, because it is assumed that the 
initiation and propagation of the reaction are directly associated with 
the passage of a shook wave. . APIN Las taken a very different view on 
this; he considers that the detonation in a condensed explosive pro- 
pagates by a jet-breakdown mechanian. The layers ahead of the reaction 


zone are assumed to be broken down and ignited by the reaction products, 


the process being assisted by pores in solids and by bubbles in liquide. 
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The detonation rate is then the speed of the reaction products in the 
material. 

This meohanism would appesr not to be characteristic of detona- 
tions, ‘for a detonation is readily transmitted through a layer of metal, 
water, ete.; no ignition by hot gases is possible here, and the shock- 
wave mechanism must be operative. One may presume that the same app- 
lies when there is no layer of metal, the more so because the strength 
(1.e., the initiating oapacity) will be greater in the absence of the 
barrier. All the same, APIN's mechanism may apply to a charge con- 
aisting of fairly large pieces of explosive; but here we do not find 
the usual relation of Di to fo 

It may be tnat APIN's mechaniam corresponds to burning at compara- 
tively low rates; “Whe flame penetrates through the gaps, the burning: 
front ceases to be atraight, and the procesa ia not truly steady. 
Unstable burning of this type may pass over into detonation under cer- 
tain conditions. 

46. Methods of Measuring Rates of Explosion Processes 

Methods for this purpose are now fairly well developed; the 
various types of apparatus may be divided into two groups. The first 
group. covers various types of ohronograph and oscillograph (instruments 

1, , for measuring short times). A ohrono- 
graph records the time taken for the 
Procesa to pass between fixed points, 
which gives the ‘mean speed petween the 


points. The second group covers various 


Fig. 93. D'AUTRICHE's 


types of optical recorder. If the pro= 


ceas does not of itself emit light, use 
method of measuring a ‘ ' 


is made of the effeota on the light 
detonation rate.. . 


from an accessory source, 
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Optical methods have certain advantages; in particular, there is 
‘no lag in the recording, and there are no transducers to introduce 
errors. The recording is continuous, so the instantaneous speed can 
be measured. On the other hand, recent pulse oscilloscopes can menzsure 
speeds over distances of only a millimeter or two, which is very diffi- 
cult to do photographically. 

No sapeoial equipment is needed in the chronograph method; Fig. 93 
illustrates D'AUTRICHE's system, in whioh the speed is compared with a 
known and constant speed of detonation, which acts.as the time sotirce. 
The charge is made up as a cylinder 30-40 cm long contained in a metal 
tube. The detonating fuse (about 1m long) 1s inserted at two fixed 
points a and b, which are 10-20 cm apart, Sometimes the ends are 
fitted with detonator capsules. The middle is fixed to a thin lead or 
brass plate. A line K'is marked exactly at the oenter. The charge 
ia fired with a detonator and ignites the fuse; the detonations from 
the two ends meet at a point K, somewhat to the right of ‘Ke This 
point Ki ig readily visible on the plate. 

Let D' be the detonation rate of the fuse, and let the time ty. 
for the detonation to reach X, along the path aXX: from a be 

tye gh + ot, . ( 
in which ‘Liisa the length of the fuse aia ‘ki is the distance KKi. Let 


, 


D be the detonation rate for the charge; then the time “4; for the 


detonation to reach K, along the path abk, is 


{ 
| =a tape pe 
But teal , 80- - 
A A * 
BD =p De: 
whence 
t(D - 
d=-7-- (46,1) 


The errors are governed by the variation in D!' and by uncertainty inih 
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and ‘/. The maximum relative error in Di is given by 


“dinDadini+dinD! dink. 
‘The derivative is sane 


“aD ha Doth 
n2(F+5-+F). 


D' 18 known to'1.5-2%; 1 (commonly 200 mm) ia measurable to 1 mm 


(greater accuracy is not possible, as the explosive may penetrate into 


| ME gn 2100 = 0.85%. 


the recesses}. Then 
The iA. for a given 1 is dependent on D/D; A: = ./2 if they are equal, 
eo 2 = 200 mm and'h = 100 mm. The measurement of h ia not very accu- 
rate, because the marks are not very clear and the center of the fuss 


may not be located exactly. The probable error ia gh/hs.m 2%, and so 
the maximum error ia. oe 
Pm eC HOS Dee hsM; 

Thia result is in agreement with experiment, whioh indioates that 
the average error is about 1% and the maximum about 5%. This saub- 
stantial range of error has sometimes been overlooked, as in FRIEDRICES's 
‘ meaaurenents on the variations in D. 

The above method is simple and convenient; moreover, it ie 
directly applicable to charges as actually used, which is often not:‘s0 
for other methods. The main disadvantage is that the error is rela-~ 
tively high, particularly in view of the fact that only a mean speed 
over a fair length (some 30 cm) is obtained. 

A pulse oscilloscope can be, used for the same purpose, which pro- 


8 7 


vides a very precise time measurement (error only 10°" to 10°‘ sec). 
The simplest form of detector is provided by two leads inserted in the 
charge and conneated to a charged oapacitor. The detonation wave acts 


as a conductor and so. produces at the first deteotor a pulse that serves 
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to trigger the beam; the second detector deflects the beam. The trace 
on the screen is 
photographed, together 
with the time marks. 


i (Figure 94 shows the 


_ . me circuit, and Fig. 95 


Fig. 94. Pulse-cscilloscope system for shows a typical res- 


measuring D: 1) and 2) detectors; 3) ult.) Then Dia 


charge; 4) detonator; 6) to trigger; - deduced from the: 


7) te deflection aystem; Cy, and Cry length 1 on the trace 


oapacitors. corresponding to 


given time marks: 
Dat. 
in which iL, 4s the distance between the detectors and ‘f==/M is the time 
taken for the wave to pasa between thom, M.being a scale factor for the 


trace. - 


The error can be diminished by using 4 spiral time-base, which 
. a oe enables one to measure f: 
f* rr very precisely even when .L 


is only 10-20 mu. 


an See 
| fF - ‘: ty 
1: 


«odbeidie! 
Peagqnens 


Optical methods have 
been used extensively in 
atudies on processes that 


accompany detonations. 


titel GElaSacante Sahl Se aca RS ates sad 
7 wees The path traversed is 
Fig. 95. Oseillogram of a detonation 


. recorded as a function of 
process. 


time is recorded on 2 film:: 


the film may move, or the image may be swept over it by a mirror. © 
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Electron-optical converters may be used. Moving-film systems are 
divided into drum and disc types; in vhe first, the film is held on 

“ the outside or inaide of a 
| rotating drum (Fig. 96), or 
on a rotating digo in the 


second type. 


The lens 2 forma an 


Fig. 96. Drum recorder, 


image on the drum 3, whose 
speed is measured. Let us 
assume that the detonation front acts as @ luminous point; if the drum 
were not rotating, the image would trace out the line A’B” as the front 
passes along AB, If the drum turna with a surface speed ‘v, the image 
traces out a curve A’A’C’,, which will be a straight line if BS is ocon= 
stant. Then the speed:D at a distance 1 from the start is 

DaG (46,2) 
The projection of the corresponding part of the ourve on the Oy axis 


is A‘B's from Fig. 96, 
yeaa, dint), 


in which B is the magnifioation (usually B <1). ‘The distance moved 


through by the film (apeed v) in the time t corresponding to 2 is , 


~ “). 
xem, ated (=). 
Then d!. and gf are inserted in (46,2); § and-0 are constants, 80 


: Dem usps, vo 2nrn, (46,3) 
in whioh gis the angle as made by the tangent at 18’, ri is the radius 


ef the drum, and n is the angular speed; the slope is found by dividing 
ip’ by ix Af Deis constant. , 

The front is not a point, so the line is proud; the tangent cannot 
be drawn very axactly: The error can be minimized by restricting the 


width of the luminous spot with a slit, which may be inside or outside 
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the recorder, e.g., at the surface of the charge, but in that case it 
is damaged by the explosion and must be replaced frequently. More- 
over, it reduces the light-gathering power of the objective very much. 
An internal slit is placed directly above the surface of the drum; it 
has none of the disadvantages of the other slit. On the other hand, 6 
is 0.05 to 0.25 for most such recorders, which is a major disadvantage, 
because a charge 100 mm long produces a trace 5-25 mm long; no very 
exact measurements of change in 'D can be made. 

Moving-film systems have the disadvantage that the linear speed is 
low; the film on the outside of a drum cannot be driven at more than 
100 m/sec, on account of breakage under centrifugal forces. Speeds of 
200 m/sec are attainable with the film inaide the drum, but then the 
drum must be very carefully balanced, the system must be evacuated, and 
go on. Higher speeds are not accessible, because the emulsion starts 
to flow under the centrifugal forces. 

The maximum relative error is given by (46,3) as 

BG ma(P+ S424 24), 
The factor that contributes most to the error is-¢; the error is mini- 
mal if DB/v = 1, but this is very diffioult to ensure for drums. For 
example, 6 = 1/35 if D = 7000 n/ seo and jv = 200 m/sec; this ia not 
usable, because it demanda 
charges of length 1 m or 


mova. This showea that drum 


recorders are best used with 


Fig. 97. ' Optical system of a mirror slow processes, e.g. burning. 

recovders 1) charge; 2) and 4) Reasonable values of 8 

lenses; 3) slit; 5). rotating ere 0.25 to 0.5, so Da/u = 1 
plana mirror; 6) films. implies that vi is to be 
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2000-3000 m/sec. | These speeds are attainable with a mirror aystem 
working into a fixed film. The principal units are the optical system, 
the synchronizing unit, and the sweep device. The optical system (Fig. 
97) consists of two lenses having a common focal plane, which provides 
a large radius of aweep and high image intensity if lenses of long 
focal length are used. Moreover, the charge oan then be placed well 
away from the front lens. The full aperture of the first lena is used 
only if all the light entering it passes to the second lens and thence 
to mirror. 

A slit placed in the common focal plane of the two lenses restricts 
the width of the image. The mirror is front-surface silvered and is 

made of thick glass or metal, 


in order to prevent distor= 


' ¢4on at high speeds. ‘The 
§ 
: synchronizing unit (Fig. 98) 
‘y ‘ is used to start the deto- 
nation when the mirror is in 


Fig. 98. Mirror synchronizing unit: a specified position. The . 


4) and 2) transfermera; 3) rheostat; rectifier 4 charges the oap- 


4) rectifier; 5) sapacitor; 6) dise acitor 5; the spark Bap 6 


charge gap; 7) synchronizing diso;. breaks down when the mirror 


8) mirror; 9) detonator; 40) re- ie in the required position, 


- and the current from the 
aistor. 
capacitor runs to ground 
via the synchronizer disc 7 and detonator 9. Dise 7 is rigidly coupled 
to the mirror 8. The axia of the mirror is parallel to the charge. 


The voltage (7-5 kV) at the capacitor is adjuated hy maana of tha rheo= 


stat in the primary circuit of the transformer. 
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The angular speed of the mirror must be measured in order to 
determine the linear speed of the sweep; the measurement should be 
made to 0.5% or better. This speed v ag related te = de fdt (Pig. 99) 
by v=aR=2wR , because y=2y; then 
(46,3) gives us that 

| D = HR ne, 

in which tan g is the slope of the tan- 
gent and ‘48/8 is a constant of the 
dnatrument, which may be denoted by C. 


Then 


toe es - ose Deal hing. 
Fig: 99. Reflection of a ; 
For, example, we may have'R as 1.5 m, 
ray from a rotating plane ’ 
Bp as 1/2 or 1/3, and n as 6000 rpm, in 
mirror. . ‘ 
which case u= 1890 m/sec; this is 
very muoh larger than the maximum speed available from'a drum recorder. 
Moreove., f is comparatively large, so the error of measurement is much 
lesa; instantaneous speeds can be measured, and changes occurring in 
distances of 1-3 cm are detectable. A charge only 100 mm long ia quite 
sufficient. 
The maximum error is determined 

aa for drum recorders; the result for 
a steady process comes out. as +0.8%, 
and for a procesa of variable speed as 
+2.5%. Figure 100 shows a recording 
for a nexogene charge; the rate is 


clearly constant. 


The rotating-mirror system has 


Fig. 100. Detonation of other advantages, because it enables 


@ hexogeno charge. one to combine a variety of methods, 


BIC 


e.g. for effects that do not produce light (for example, the flight of 
fragments ana ~ motion of shock waves 4 transparent media). The 
| TOPLER effect is used, 
as shown in Pig. 10%. 


Any perturbation in an 


Fig. 101. Recording by means of trans- optically homogeneous 


mitted light: 1) source; 2) spherical medium causes a change 
mirror; 3) lena; 4) knife-edge; 5) in the refractive index. 
film; 6) object. The light from the 


sources 1 forms a real 
image at the lens 3 after reflection at the mirror 2 if there is no 
perturbation; the result de a uniformly illuminated circle on the fila 
5. OA perturbation 6 an the AB plane deflects the rays; the knife- 
edge 4 is placed in the image plane in order to reveal this perturb- 
ation. This edge blocks out the rays and prevents them from reachiag 
the film, which results in an image of the perturbation. (The lens- 
holder has the same effect if the deviation is very great.) 

The perturbation may not cause the deflected rays to be out off; 
inatead, it may render the mediun opaque. The reault is then & shadow 
of the perturbation. This image may be restricted by a slit as in the 
method above, and the mirror may be rotated, in which case the film 


reoorda the position of the perturbation as a function of time. 


“1 The light may be provided 
sto} Fil | celal Soy a Oe oo 
if sea|psaen Ween. a by an exploding wire; SOBOLEV 
de has made a detailed study of thia. 
Fig. 102. Optical system with The light may be collected by a 
rotating mirror. high-aperture lens instead of by 


a spherical mirror. Figure 102 


illustrates te use of a mirror. The detonation and the flash from 
the wire are synchronized electrically to the rotation of the mirror. 
-Very hij:h recording speeds are accessible with electron-optical 
converters; Fig. 103 shows 
COURTNEY-PRATT 's aysten. 
The line AB ia the image of 
the slit placed directly by 


the charge; this gives 


rise to a line on the fluo- 


Fig. 103. tlectron-optical converter reacent sereon. The 


used to photograph an explosion: 1) position of this ‘image line 


detonator; 2) charge; 3) el4t; &) ie controlled by a magnetio 


safety glass; 5) plane mirror; 6) Moflecting system. As the 


lens; 7) sensitive screen in con- luminous point moves along 


“verter; 8) deflecting device; 9) ° the line 43, the vertical 


electron lens; 10) fluorescent magnetic field (whose 


soreen; 11) camera. strength varies linearly in 
‘ time) produces a defleotion; 
the result is an image line whose slope is directly related to the speed 
of the luminous point. The slope of the line relative to the vertical 


axis AB is given by. 


. cue, 
an P= Ae . 
‘ 


or 
wu 


Daz omy, 
in which »v is the transverse speed of the electron beam at the screen 
when the luminous spot is stationary. The image line is recorded by a 
normal camera. 


BOWDEN and JOFFE have estimated the time. resolution of this system 


as 10°? sec, although BUTSLOV and FANCHENKO's theoretical study 


3I7L 


14 


indicates that a resolution of 10" . Bec should be accessible. 

A majers advantage of the system is that it needs no synchronizing 
unit or special detonator. Electron-sptical converters may be used to 
record fast processes generally; rates up to 40° frames per second are 
accessible, although the total number of frames is not large. SIMONOV 
and KUTUKOY have been able to record 6-10 frames each with an exposure 


of 0.05 to 0.5 psec by means of a special pulse-sraping circuit. 
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CHAPTER IX 


INITIAL PARAMETERS OF A SHOCK WAVE AT AM TiDeheacCa 


47. Reflection of a.Snock Wave at a Rigid Plane Wail 


The pressure exerted by a shock wave on a barrier con be consicer- 
abiy in excess of the pressure at the front, on account of the reflec- 


tion.’ The followins is IZMAYLOV's 


2 
7 


treatmont or the reflection of a vlane 


‘ 
| ateady-state shock wavo by a ranid 


THE eli VD. 


MATH EYEA 


Ott. 


barrier. The state of the sas at the 
wall ahead of the incident wave is speci- 
rht fied Sy po, p., and u= 0; the- stato 


behind the incident front, oy mw, pf, 


Fig. 104%. Reflection of and hj and that sehind the reflected 
a shock wave by a rigid fro. , by prim, .at #@ = O (the wali is 
plane wall: 4) paths of fix :. Pigur:. .iows the situation 
gas particles; 5) inci- in (4x) coordi:. nm whiich the various 
dent front; 6) reflec- zones are denote. .. uf, and?. 
ted front. The reflectca wave iust Se steauy if 
the incident wave is. Whero 1S a st. 


nation region (u = 0) between the reflected wavs anc ene wall: this 
means that the gas must-acquire a speed ug equal iu .ntuac Lut oppo- 
site is sign to ‘uy, so the condition for the wall to ic fixed ke 


‘ty — I, = 0... CEP y id 


Best Available Copy 


oY 


BTS 


The basic relations for shock waves give us that 


VR =P H) =V A> (4? 42) 
in which v = 1/49; then | 
SBA Po (p20) pe PEP Pr : 
Po (1 ar} er: (1- a) Ch? 3) 


HUGONIOT's equations for the two waves determine: p./w. and 92./p1. for a 


olytropio gas! 
polytropio gas (A+ 1 prt (kV om, 


AL 
to Tar FFI) po” 


Pe a AN) py + (41) (4? , 4) 
rh et AI me, 
Let Dy £20 sim? and ppt, § ‘then (47,3), with i po/p, and — papa. 


inserted, becomes 


(=, — 1) ie os aa aa m (47,5) 


and 50 
Pr (hon 1) (hl ‘ 
7 mou Zt -_ z— A Vr . (47 6) 
If pu >> pg “ 
3k— 1 
il oe 


‘and S80 ‘fy = 8p, if ke 1d further, (47,6) gives us the ratio of the 
excess pressures as 
|. BER t+e=a ore (47,2) 
It (pi. = po) <€ ‘Po, 4 
Pi— Po 2 (pi — Po), 
which is the result found in acoustics. 
We may put (47,6) in the form, 


pa py epee Bo) ; 
=P Na+ EF NP: (4? ,8) 


The incident pressure is p,, 30 the second term on the right in 
(47,8) represents the pressure resulting from the motion of the medium 


behind the incident front. Here (47,2) and (':7,4) give us that 


Pt = po A [ity +any ae e (47,9) 
i tas 
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This (p: - py) ia substituted into (47,8): to give 


Ps Pym (Bi — pa) +; halle (VE +e By). (2 10) 


The speed DP, of the reflected wave is. 
. aa \ . 


Dyn BER hen C4? 14) 
This, with (47,2), (47,4), and UP, 6), gives us’ that. 


7 
i Dim IF NAF O— TAT (A—~1) 2, Po]: | (47,12) 


while (47,4), with the pr of (47, 6), gives us that 
Me y 
mn . hare (42,13) 
which means that p,/ p= 3-5 for k= 1.4 Af (py >> po and that p/p = 21; 
thig shows that the deneity is very much increased by the refledtion. | 
. 


Figure 105 gives results for an ideal gas for various jk, the 


ieee ee 
Be iellnt 


‘ 
4 


(mae 
(mina 


¢) ——F ' 


Fig. 105. Relation of .«) the pressure ratio, §) the density 
ratio, and ¢) the temperature ratio for the reflacted wave to 


the pressure ratio for the incident wave. 


results apply to air for we<'40. The.parameters of the reflected wave 
should be taken as initial ones df the wave ia not ateady. 


The problem becomes much more troublesome if any attempt is made 
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to allow for the variation in the specific heat with temperature. 

The problem is also more complicated if . (the angle betwoen the 
incident front and the wall) 4a not zero. I shall consider the problem 
‘for an ideal gas only. The 
waves are as shown in Fig. 106; 


the parameters in region 0 (in 


ete! front of the wave) are denoted 


Pig. 106. Oblique incidence of a by subscript zero, and so on. 


shock wave on a rigid wall: 4) in- A moving coordinate system is 
cident front; 5) reflected front. used; the intersection 


between the wall and the wave 


is taken as being at rest. The velocity of the gas is denoted by 7 


Fig. 107. Reflection of an obliquely inoident shock wave at a 
rigid wall. ' 


(Fig. 107); then 
‘Goma. . (47 14) 
The components normal and parallel to the front are respectively 


D, and D,'/tan .; 4 changes in magnitude and directidn as the front is 
traversed, but the parallel component is not affected, because all 
forces are normal to the front. The normal component falls to 


(Dy. “Wid, because the medium behind the front moves with a speed u,. 
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Then 


Ey pee a i 
2 Vm) hae (42,15) 
The angle betwnen gg and qi is &; the flow near the wall must be . 


parallel to the wall, so gq; must be turned through an angle 0 in the 
reverse.sense. This applies if the reflected front passes through O; 
in general, go 4 go. Further, ‘g, is defined by the fact that the com- 


ponent parallel to the front remains unchanged (Fig. 107): 


i. 0 
gave Ot (47,16) 
Here ' is given by _ 
‘ Dm, 
a(t 1) = 
tan Po 
or oe 
lo 8) Dany 
"ot OU 
But. 
option ‘ 
ne 4 fi! 
g0 


ee ae 
sana =e (47 17) 


HUGONIOT's equations relate p and uv for adjacent regions: 
[Oo kt Vert b—1) po (47 , 18). 
Ww &—D)aAra+TI) pA 
Ut en ED pat lk— 1) 
“1 al EOE 7 


Tha gq, py, and:#, for adjacent rezions are related by , 


(47,19) 


Ua Pr — Po) = 9% (Fo— A)» | 
(Po PI = AMMA)» | * (47,20) 
0, (P2— Pr) = 91 (91 — Ma): 

| Val Py -— Pa) = Fa(Ga—- 91). 


which define the q,. A further condition is that 


“GX G0, (47,21) 
whioh implies that gy is parallel to qj. We can put (47,20) 
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H—%)~r _ Po) = (Go 91) = | 
(% + v,) (P1 ~_ Po) = % ~~ gis 
(%,— 4) (Pa 2) =(9,—- Wa) = | (4? 22) 
(v, + %,) (Pa —?,) = 5, — Gp 


This system of equations is readily solved, but the results are 


cumbrous; I give meréiy some final results in COURANT and FRIEDRICH's 


forn: 
. ’ ] 
is (=a \4 
uf = (aos 
ce ry ech a (47 525) 
(ia) eee (t3)) L (47,24) 
(erZ\0+g Cray” 
MB(1 — u)9 (ty — 4) eM [CL — pt — (dy — fe)? — (un + ft) (47,25) 
— (fy by) = 0, 
a &—1 
hesusg, feu H MTT. 


Now (47,25) gives two values for /;) (namely, t% and ‘f., ) for any given 
™ and’ to, and also the corresponding quantities ‘t,, and tt. . Figure 


108a shows @: a5 a function of g for various ™ 3; Fig. 1086 shows % 


as a function of m, for several ™. The difference between x, and 
‘tT: increases as y, and m decrease; ‘2 becomes much larger than the 
T for g:= 0. This implies that ™. is the more probable value, waich 
corresponds to fy... 

The lower branches of the curves of Fig. 108% imply that o2:<¢,. 
if 0 is emall; 2, at first falls as % increases, but regains the 
initial level when 9 = 4%. A notable point here is that go" is inde- 
pendent of 7.5 fo, = g2 when ‘% = 9". This oy" is given by (47,25), 
with to at: 

(1— eG +- BF =o, 


or 
tan 295 == 1 — 2p, 


50 
p? k—! 


COS 295 a a = 
This means that py = 39°14' for air. Again, (47,24), with 4 = &, 
shows that m regains its initial value when Po <9" 8 

(it (mip 


Gaim wpa 
The solution is 


Kp me CO) =? 
i Bit 1 


. Te == (8k — 1) 2; — (4 =~ I 
2G Na Fer) * 


Further, ., becomes somewhat larger when g > g;; this is true, 


or 


however, for k = 1.4 for m< 7.02 (fairly weak waves). This 9,* is 
almost the limiting angle for regular reflection if 2, is large, so 
auch a wave cannot give a m greater than that for @ = vU. 

The regular reflection described by the above relations is not 
possible for all yo but only Tor g@<9m , in which 9m i8 dependent on 
m3 ‘the limit can be found from the condition that (47,25) must have a 


real, root 4 for given tj and m. Now Me=0 if m = 1, and (47,25) 
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givea us that 4 = tf, 80 9m = 90°, which is so ror sound waves. Tacn 
om << 9O° it m>l (M>0). 
Figure 109 shows Gm usa 
function of the pressure ratio 
for the insident wave. 


Irregular (MACH) reflection 


occurs for > ; the 
f a9 G8 87 BG OS a AF B2 Bl Onp fn Yom § 


> Pt ee (r $ ¢ 
Fig. 109. Relation of gm to pres- speed of the reflected wavo is 


sure ratio for incident wave: greater than that of the inci- 


dent wave, because the forner 
1) no regular reflection; 2) \ forus 


regular reflection possible. travels through gas scated by 

the lattor [the reflected wave 

ia “hot appreciably retarded by the flow behind the incident fron: wiv 

- 9 is large, since Fig. 107 snows 
that the component of the Slow 
speea behind that front parailel 


to the refiectec front is 


Wi cos(% + g2)5. This means 
HUMP 
that the reflectca wave meets 
Fig, 110. Irregular roflection ; 
the incident wave at some dis- 
of a shock wave from a rigid 
; tance from the surface; the 
wall: 1) reflected wave; 2) 
result is a new wave ‘tae head or 
incident wave; 3) head wave; 
MACH wave). Snerg is alsc a 
4) contact discontinuity. 
contact discontinuaty, wien 


separntes regions differing in density and temperature. but identicil in 
pressure and flow spoed (Fig. 110). STANYUKOVICH and COURANT hava 
made detailed studies of this type of reflection. 


The principal feature of interest here is the ratio p/p, , which 
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varies with @, although m is constant; for om=0, 
Py__ (BA—1) py — (k—1) fo 


a kDa FEF 
This tm at Jsirst doacreases as oo increases in regular reflection, but 


it regains its initial value when 9 = gom, and, if 7 is small, then 
somewhat exceeds the initial value. No such increase occurs in ACH 
reflection; ,. for the head wave approaches one as .% tends to 90°, 

because the wave slides along the surface instead of being veflected. 

These various forms of reflection must be considered in order to 
estimate the loads that may act on the wall and also to determine the 
pressure at the front from experimental measurements of the force. A 
single shock wave oan appear to give a variety of pressurea at equal 
distances from the source, because the disposition of the instrumunis 
affects the result. Allowance must be mado for the angle of incidence 
at tra mounting of the instrument; the calculation becomes very 
troublesome if allowance must be made for fiow around an obstacle cori- - 
parable in size with the depth of the wave. 

48. Initial parametera of Shock Waves Produted by Efflux of 

Detonation Products 

A shock wave is generated when the products from a detonation 
escape into any medium; the products themselves may contain a shock 
wave or a rarefaction wave. These shock waves may ba examined if 
their initial parameters are known. 

A shock wave is generated when the detonation wave reaches the 
interface between the charge and the medium; the paraneters of this 
wave arc determined by those of the detonation and by the mechanical 
characteristics of the medium, The effect on the products is depen- 
dent on the pressure difference at the interface; if p; < py (in which 


p; is the pressure at the detonation front and px is the pressure at 
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the interface), a reflected shock wave will occur in tho products. A 
rarefaction wave arises in the converse case. 

There is no general analytic relation for the compressibility and 
density of an arbitrary medium, and so there is no genorrl means of 
deducing which type of wave will arise in the products; but it is often 
possible to make the deduction for partioular cases. For example, a 
reflected shock wave will occur if the medium is much more donge than 
the products (at the front); a rarefaction wave will occur if the 
reverse is the case. A reflected wave occurs if the products strike 
metale, while a rarefaction wave occura if the products from a con- 
densed explosive enter air, water, otc. A special study is needed if 
the two densities are gimilar. 

The parameters of a wave generated at an interface may be derived 
from the laws for waves in the products and from the laws for shock waves 
ina medium in contact with a charge. Additional conditions imposed 
here are that the pressure and velocity must be continuous across the 
interface. Consider a 
plane detonation wave inci- 
dent normually on an inter- 


face; thore are two cases, 


namely py < p; and p, > p,-: 


Fig.117. Determination of the ini- Figure 111 shows the pres- 


tial parameters of a shock wave sures a) not long before 


(Po < Pj)» 1) Rarefaction wave; the wave (py ¢ pi) strikes 


2) interface; 3) shocit wave. the interface and b) shortly 
afterwards. The condition 
at the interface is 
Ha = Up ey (46,1) 
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in which,u, is the speed of the interface and m4. is the change in the 


speed of the products in the rarefaction wave. The latter is 


Pa ou 


(46,2) 


in which pis density and ¢« is the speed of sound (for the proaucts). 


The relation of pressure to density for the products is 


pp-*ema, 


(48 ,3) 


in which k = 35 for high explosives of tw greater than one, anda isa 


constant. 
Then, for a strong detonation wave, 
we agT = ger 
py Ath yy p= fer 


We may find 4, from 


ker 

i a 

a= Pie; fo 4p = Gye, 1—(45) * 
- ‘2 . . 

But &p;. / ;. = Ch. and .¢: eB RD/(k + 1), BO 


- _ 
t, = ee _ (2)* | 


or 


Ce 
= TT (¢; — Ca). 


(45 , 4) 


(48,5) 


(48,6) 


The uw: of (48,5) and the uj of (48,4) are inserted in (48,1) to give 


us that 
D- 2k 
a 31+ —_— an 
to |) k=l E (Fi) |} 
Now the speed uw! of the medium behind the shock wave is 


“Wo=ly= V (ps — po) (Vo0— Vox); 


\48,7) 


(48,8) 


in which m,° and v, are the specific volumes of the medium on the two 


et 
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sides of the shock wave and Po is the pressure in the medium anead of 
the shock wave. Equations (48,?)and (48,8) define the initial para- 
meters of the wave completely if .the equation of state is known. 
If the products escape into a vacuum, p,=0 , 50 
te tear = =! D, 


Then 4 = Dj if k= 3, so the efflux speed carinot exceed D, of 


ma! 
course, thia result does not correspond to experience; in fact, the 
leading section of the products escapes with a speed of almost 2D into 
a vacuum, and with a speed in excess of D even into air, although (48,7) 
implies that u, < D, if Ps > 0. The reason for this discrepancy is 
that *& cannot be taken as 3 if Po, is less than 20-30 thousand kg/on*. 
We shall see below that the initial p, is of the order of p,; if‘the 
medium te dense (water, aoil, etc.), so (48,7) then descrites correctly 
the behavior of the products in those media. 

If we assume that the detonation is instantaneous, (48,1), with 
4,0, gives us that . 
2 


ly =k, = TT (¢ — Ca), 


in which ey is the speed of sound in the products; then 
- ° — kat 
nae (te) = Ef (ee) | ‘8 
Mtg F—s(I =) aE (2) it (48,9) 
in which ‘py is the pressure in the products. ‘But Cy = Dik/2ls + 1) 74, 


r- Te) 


amt ‘ 
Myre fp * (fa) 
‘He FTV GTT [ (#) 1 (48,10) 


For a vacuum, py. 0, 80 


a coe 
Ho= FTV rary 


which, with # = 3, gives ua that _ 
tae DY = =di6iD. 
This is substantially below the Me found for actual detonations. 
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Now I consider the case Pa, > Pei Fig.112 shows the pressure imme~ 
diately before 
and immediately 
after the wave 
reaches the inter- 


facec. Here 


. there is a ref- 
Fig. 112. Determination of the initial para- 
lected shock wave 
meters of a shook wave (5, > pydt 1) dnter- 
oe in the products 
face; 2) detonation wave; 3) reflected , 


(because Py > 2;) 
shook wave; 4) shock wave. . , 
and a shock wave 


an the mediun. The condition at the interface is 


Home hts (48,11) 
in which dy! is aa shown and ‘u, is the speed of the products behind the 


refleoted shock wave; the latter ia given by 

t= V (Pa —P,) (Vi — Vas (48,12) 
do which ‘ois the specific volum> of the products at the front’ of the 
detonation wave and vy, is the same for the refleoted wave. Then 


(48,3) transforms HUGONIOT's equation to 


“ty RADE N Py (bom et EY . 
% GEN EOS Na PENSE OST (48,13) 


in which in,= p,/p;. 


We transform (48,12) to 


in whioh we insert the’, /vj, of (48,13) to get that 
oe fo, n-l-’. . 
w= VERY; (tin) 
Then (48,4) gives ws that 


VIR Capt VR 
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. 


r—1 


ar erV aPpee 


We substitute for uw; and a), ‘from (48,11) to get that 


; n—1 
be pr [I= =v; a ata). (48,74) 
Further, behind the shook wave dn the external medium 
a! = tin = V (Ba = ft) (Voor Yea), (48,15) 


in which »o is the pressure (usually atmospheric) ahead of the shock 
Wave; ‘U,, and ws, are the specific ‘volumes of the medium ahead of/ and. 
behind that wave. But *pox€i po» 80 .p, may be neglected, in which case 


(48,15) becomes 
' “te V Boose Woe)» (48,16) 


Equations (48,14) and (48,15) serve to define ‘the dnitdial para- 
meters if the law of compression is known. Approximate solutions for 
certain media are given below. 

Absolutely rigid wall. Here uy = 0; then (48,44) 4s solved for 

as | 


Tee Sh i VRETET 
. ' (48,17) 


This '« varies little with ks being 2.60 for the limiting’ oase f= 1, 
2.42 forlkia 1.4, 2.39 for & = 3, and 2.28 for'‘k-»ow: (the root n.<1 
for any :k is physically meaningless). The ite,/P; =o; /v,: are given by 
(48,73) as : : 
ply (== 2.60) $2,805" | 
| Real4 (n= 2.42) £m 1,85; 
kB (n—2.39) Be == 1,33) 


| e—roo. (w= 2.28) fa 231,05, 
eo by 


Then (48,13), with the 2 of (48,17) gives us that 


ite Mw 9H FOR ee VETER | (48.48) 
ae IFT) YET ; 
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The initial speed of the reflected wave ia 


af Pa Pi 
Da = — 9; Up Ue tii 


Daw / FEED 4 a, 


| (at) 


We insert the 0, fj: of (48,13) and use the relations 
ye Ta ee D 
Vee, eer VE md wm aT: 


This may be put as 


ry 


to get that, 


Da — zat ly FV EFI REED — 1}. (48,19) 
Then D,/ Dj = °0.31 for ke 1 and ts 2.60, ©0.78 for Se 5 und za 2.39, 
and ~1.28 for A-voo-j that ie, Die very much dependent on &, but it 
4s not very much dependent on-® if k takes a fixed value oloae to 3, 
as the following values for k = 3 show: 

em 15 Fe a 0.65. ' 


e220 phe 0.74 
. ‘ ‘ , 
rat4 5h =—0.77 


This fact enables us to measure /&.in terma of the speed of a shock wave 
reflected from a dense medium. 

This measurement is one of some importance, because we have aa yet 
no accurate method of measuring the pressures produced in detonations 
and in the reflection of detonation waves. Kinematio measurements can 
be made accurately, and thease give us &, which enables us to oalculate 
the parameters of a'detonation wave with reasonable precision. 

There is a small rise in the entropy of the products when the 


wave is reflected, which is caused’ by the small pressure change in the 
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reflected waya. We have that before refleotion 
‘ S,asinp v*+const; 
and after reflection , 
Sy == In pyvs + const. ° 
The entropy change is then 
_ — os Pa va, M ’ 
AS Sa—Si ine (ar) Inn 


Thia nis given by (48,17) and (48,18) as 


= oh 14 TRIE 92-1 + — DV Tee l 
4 4a ° Oki e+ 1+ (A+ 1) ¥ 7A EMF I 
k=3 . 
_= 1.08, « 
ka! 
n= 1.00, 


Thus 48 is negligible, 30 we can perform the calculation for the ref- 
‘lected wave aa for a set of sound waves. Here the RIEMANN solution 
gives us that 

- 

: aimee np. | (48,20) 
The isentropic law gives us that 

3 

a am chy 
so (48,20) becomes 7 


- 


deme de. ' 


k— 

The integral is 
bu = mc a Ae 

‘or 

- 2 

He Uy = — > (Co—C;). 
At the wall —— 
Hamm 0, 
80 
a ak — 


7 =) ~(e a 


3IFO 


We substitute for ¢y and a in the iast expression to get 


2 ab—1 at 5 
a =( 2k ) ‘ (48,21) 
Tha acoustic theory gives us that 
sey tye _ 
Dy i tee = FD, (48,22) 


“Forcko= 3, 
b= (z) 2.97 $8 5 = 1.335 ba = D;; 


Bega. 675. 


These results are very close to the exact ones. 

The theory enables us to determine the initial conditions at the 
contact between two colliding bodies (even liquid or solid ones); 
STANYUKOVICH explaina this by saying that the formulation of the con= 
servation laws for the instant of coliision da not dependent on the 
phase states of the bodies. Moreover, no forces have yet arisen 
within the bodies when contact has just been made; the contact gives 
rise to shock waves. 

Let subscript 1 and a denote the parameters before impact, primes 
and subscripts 1 and 2 denoting parameters after the impact. Con- 
sider a coordinate system in which the second medium is at rest; then 
the interaction is one between the firat medium and an initially 
motionless barrier. The relative speed of collision is ) 


Hy = 44m te, (48,23) 
in which us is positive if the two media move in opposite senses and 


negative if they move in the same sense (the condition for collision is 
then 4; >t. ). The speed of the “interface is u'; then 


Zz wos Saya (48,24) 


and 


"pi =pi -=ph . (48,25) 


The speeds of the media behind the shook waves originating from the 


point of contact are give. vy 
(PT =P) J= ti —Vie A) — HD, 
in which Ds is the initial pressure; p, << p! if the speed of col- 


lision is high, so 


Ww Vp (ut ) Sh — Vp wi—Ul ) (48,26) 
Let 
a v; aa 
‘ma av, (1) ane By, 
and 
- _ % \_ = 
HU} =4( a) se *" 
Then mn 
ef ‘ae 4a * 
— 4 ja! pnp 
Pr a" (48,27) 
80 . 
pt matt wi miu! — ys)! 
or : ‘ 
ua — yy Pe 
oe Py 4a 
the ratio of speeds being we 
Th (48,28) 
: VEE ay , 
This last defines the speed of the interface; the other initial 
parameters are readily found in terms of u', jai, and a. For example, 


(48,27) defines the initial pressure at impact, while the speeds of 


the waves are 


The p' of (48,27) then gives us that 


‘ é 
ui —a. 


Dy tae, DS. (48,29) 


The equations of state (or of compressibility) are needed in order to 


find a and a. 


Equations (48,27) and (48,28) enable us to relate iz;, to p': 


p= - po = 
| Vag+ a ~ (48,350) 


A general relation between density and prassure for liquids and solids 


(not porous) ‘is 
= ty 
p= Ail) — 1} (48,31) 
in which ‘A(S) 4a a function of the entropy; nmay be taken as constant 
over a wide range of pressures. The change in .S consequent upon impact 


can be neglected if the speed of impact does not exceed a few km/sec; 
/ 
i 


then (48,31) is the equation of isentropy for a solid or liquid. 
Methods are available for measuring n.and A; a” «= 4 for sone metals, 
whioh agrees with JENSEN’s reguit, Wo can calculate 4 from TATE!s 


adiabatic aquation of state for liquids and solids: 


on wa) 1 ‘ 
-7(), "aes . (18,32) 


v 


which has the integral 


paA(s){ [tery — i}. (48 ,33) 


But 


so (48,32) may be put aa 


= 23 

rr (48,34) 
Then p= Po, p= fe, and ¢ = 69 give us that 

Pom A 
But ve 

4 2 p\ant 

} = a(t) , 

and 50 


‘pra l(Zy— 1], 


(48,35) 


If we neglect po , which is here permissible, and compare this with 
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448,36), we have that 


4 
Poo 
A=, 


Table 68 gives caleulated and experimental A for metals, for which 


Table 68 
Caleulntad and Measured Values of A for Metals 
JS 

| ae ! 
Me tal” Ae we/on? | Ac wa/ea’ | ie 

Tron fw pe ee | 48 %.105 5.0 © 105 Lu 

Copper... ..5.. 2.352105 2,5 * 105 1.06 ° 

Duralusin 


eee | 2042108 | 2032108 


nae &; the agreement ia satisfactory, which confirms that (48,31) 
deaoribes the behavior of a selid acourately. 


Thais equation gives us 
that 


(48,36) 
which 1s the final atep in the solution. 


Table 69 gives some results, 
Table 69 


Parameters of Yhock Wavea Produced by Duralumin 


Am 


Striking Steel 


for which purpose the values adopted were u, = 0, p, = 7.8 g/cm’, 


A, 2 4.5% 10° kg/em®, py = 2.73 g/em?, and ‘A, = 2.04 * 10° kg/cm. 


The calculations are not very precise for p' = 10 kg/en™, because 
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the change in S$ cannot be neglected. The law of compressibility has 
not been tested experimer.tally for these ve high pressures. : 

We have made measurements of the A of 4431). Plates of various 
thicknesses were fitted with cylindrical charges (height equal to 5-6 
diameters) standing on end. The wave reaching the plate was then 
almost plane. The other side of the plate was in contact with water 
in a transparent vessel; the wave in the plate gave rise to one in the 
water, which was recorded. The initial speed of the water wave gave 
‘a’ for the interface with the water and hence the pressure. (These 
two parameters may be varied by using several different explosives.) 
The hydrodynamic theory then givea us the pressure and density for the 
wave in the metal, which may be treated as a liquid, becauso the stress 
produced by the explosion ia well in excess of tha ylold point, 

The equation is oo 

te may ty (48,37) 

in which 4, relates to the interface, u, the initial speed behind the 
wave in the metal, and uw, to the change in that speed as a result of the 
reflection, The treatment of section k? shows that 


tta= V (Pg — Po) (Uo — Yan) s (43,38) 


in which uo and Vog are specific volumes for the water ahead of and 


behind the shock wave. Now 


uy =V p; (uo— Cui), (48,39) 


in which > relates to the incident wave in the metal and the o, are 


specific volumes for the metal. Also, ~ 
2 a 
d 
aon fe (48,40) 
a ‘ 
If we use (48,31) for the law of compression, we-can put (48,40) as 
na! 
en)" | Ci) 


nol 


un AVE |G +)* 


3qS- 


Here p, and 4, are known, because water is used; 
(48,37) and (48,41) are then A, n, and p;. 
whereupon we have 


Pi = pot Dj, 


the, unknowns in 


Experiment san give us uj; , 


(48, 42) 


in which D;; is the speed of the shock wave, which is close to that of 


sound even if pi 2 40° kg/cm? 


There is.no means of measuring Di at 


& point; it can be measured only over a distance of several mn. 


(The values can be used without introducing great error, in view of the 


(48, 43) 


above.) Then (44,31) and (48,42) enable us to put (48,36) as 
. . ; 
Pi ry 
Pj 21) ~1 
20D 4 . 
a 


Then the ww, of (48,41) and the -u; of (48,42) give us from (48,37) 


that \ 


(48 , Alt) 


The unknowns are as before; calculations show that p; varies very. 


little with n if 1 >3, s0 we were able to put nas 4, and then to 


determine p,; and A for given Pa and Dj. 


We found that A remained 


nearly constant for :n.= 4 for a fairly wide range of plate thicknesses 


(i.e., for a wide range 
This work was done 


paper on the same topic 


in py. ). 
in 1955; later in the year, there appeared a 


by WALSH ‘and CHRISTIAN, who measured Dj for a 


metal. with a free surface, and also 4, for that surface. 
tion was that #. would be twice u,, because 


Ny = aj iy 


ity = yj. 
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Their assump- 


(48,45) 


(48,46) 


In fact, m,/u; varies from 0.96 to 1.03 for Zn, from 0.98 to 1.02 
for Al, and from 0.98 to 1.01 for Cu for pressures up to 50 kbar 
(445 000 kg/cm”); this introduces an error of 71% in the Um. Then 


(48,42) and (48,46) give pj, which, with ' 
Uy, Diu (48,47) 
elves wy; - Yui Di 


WALSH and CHRISTIAN's resulta for Al agree closely with ours; 
Tavie 68 gives the constants, and Table 70 givea the results. . ‘Their 
Table 70 


Compressibility of Aluminium as a Function of Pressure 


keer | 89 | 2100 | 258.8 | 988,7 | 223 | wLO | ‘Source 
Uni | | , : 
— 0.878 | 0834 | 0.8/7 + 0.804) 0.791 | 0.780 ' 
yp | ONE] OHM | O8I7 | 080" } fol | 

| | i—]———— | 
xt : nas | 0,830 ‘aia | 0,801 | o7as | 0277 | ova results - 
Me | | | 

| 


results for Cu do not agree so well with ours, because their copper had 
a specific gravity of 8.903, wnherece ours had one of 3.5. 

AL'TSHULER and others in 1958 published some very important 
resulta on dynamic compressibility for metals at pressures up to 5 x 40° 
kg/em’. Their method was to measure the kinematic parameters of the 
waves excited in a target. In one case they measured the mean speed 
of the shock wave and the speed of the free surface, which latter was 
taken as twice the speed of the metal behind the front. This was 
shown to be so for pressures up to 3.5 x 40° ke/om*. 

COOK denies that this relation is applicable; without good reason, 


he assumes that the measurements give the sum of the speed of the free 


surface and the speed of the body as a whole (instead of the first alone). 
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This would be so if the body were absolutely incompressible, in which 
cate tne acceleration would be indefinitely great. Such conditions do 
not occur, of course. 

AL'TSEULER et al produced these very high pressures by allowing 
a body that had beer .scclerated slowly to strike a target at rest; if 
the striker and target are made of the same material, the speed of the 


interface should he 


w mtu, 
in which wis the initial speed of the striker. This u and D' (the 
speed of the shock wave) must be measured in order to deduce the com- 
pressibility. 

They found that D' is linearly related to “' if the latter is in 


the range 1 to 5.17 ku/sec: 

Dim Cob us’ 
in which Cy and A are empirical constants, which take the values 3,80 
and 1.58 respectively for iron if the speeds are expressed in km/sec. 


This functional relation defines the dynamic adiabatic 


a 
Co fs— - 
pr — 2 fof (48, 48) 
. O—19/ A 9] 
AL'TSHULER et al consider that this is applicable for Pp' between 3 x 10? 


and 5 x 10° ke/ome for iron, They found that this linear relation is 


applicable to all the metals whose ‘Cy and A are listed below (but not 


for Sn); the adiabatice are of the form of (48,48). 


These general laws 


Coy kn/aeo | a | vw we? become much simpler if 
Cu | 3,60 1416 8.93 pi/A <41; we may expand 
in |... 3220 14s 7.14 
C 285 a8 4 “/(1 + p'/A) in series form 
Au 3.18 ‘ 147 19.30 : . 
a 4 a et and take only the first 


term, which gives us 
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(1 4 pt/nA). Then (48,36) Gives us that a = PIs (na, + p') and wm = 


p'/(ndag + pds these are inserted in (48,30) to give us that 


poet, 
Py (t+ PY 5 
ity ete) (48,497 
If now we neglect p' on the right, we get 
ry a (48 50) 
+ eA, , 


which is a linear relation of p, to u,. If now u; 4d6 substantially 
lesa than the speeds of sound in the metal (@ and ), we can put: 


(48,27) and (48,28) as 


a ae 
, PyPges % 93 


Pema ta He (48551) 
, 4; PIO, ‘ 
u “TT “is peg ‘ (48,52) 


These expressions 
are correct only 1f the 
yield stress is exceeded 
by a congiderablé margin, 
as for lead and some 
alloys; other metals 
require a correction for 
the yield stress, which 
reduces u and increases 
p'. (Tis topic is 
considered in chapter 
XII.) A body that 


deforns in accordance 


with HOOKE's law can be 


ig. . A ratus f suri h 
Fig. 113 Pparatus for measuring the used in measurements of 


displacement of the free end of a rod ta qa Lon 
; compressibility if we 


and the speed of a wave in the rod. 
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have some means of 


recording the displacenent of the material in a thin rod. HOPXINSON 
first used rods in order to measure the pressure a5 @ function of tinie; 
DAVIS descrioed an electrical form of Hopkinson's method in 1948. Rods 
of HOPKINSON's original design have been used at the Institute of 
Chemical Physics in order t. measure the parameters of strong shock 
waves (seo section 87). BAUM and STETSOVSKIY have improved tho method 
by using a new techniyue for recording the motion of the end and.the 
passage of the wave in the apecimen (Fig. 113). 

The two rotating-mirror recorders (type SFR-2M) were made at the 
Institute; the lens 2 and the recorder 1 produce photomicrographs 


(x 20) of the motion of the end of the rud 7, which lies normal to the 


A ke/on? 


G0 4 8 2 & 2 24 poec 


ce 
Fig. 114. a) Motion of the end of a rod after reflection of a 
compression wave; b) propagation of compression and tension 


waves in the rod; c) shape of stress wave. 


plane of the figure. The second recorder 6 rec : .s the progress of 
the wave excited in the specimen. The two recorders are synchronized 


with tho light source 5 and with the explosion. The lenses 3 and 


YO 


mirror 4. gerve to diract the light to the recorder. 
The pressure py in a compression wave approaching the free end 


is given by 
md at 
Pay hoops (48,53) 


in which ;p is density, ¢c is the speed of sound in the rod, and dx/dt 
is the speed of the free end. Experiment gives ua ¥= f(t), from 
which we find pg, = ‘g(f) , 1.e. the form of the stress wave. 

Figure 1148 shows the motion of the end of a rod of plexiglas 
200 mm long as excited by 200 mg of lead azide placed at the other end. 

Aka/ox? on Figure 114b shows the waves 

propagating in the rod, and 
Fig. 114¢ shows the stress 
wave. The rooordings show 
that toe tensile stresses 
resulting from the reflection 
at the free end are respon- 
sible for breaking the rod. 
The free end starts to move 


when the compression wave 


ti it at in sp, arrives; the rod breaks when 
; ; ° the tensilo stress exceeds 
Fig. 115. Compressibility of 
the ultimate strength of the 
plexiglas for dynamic loads. 

material. 


The ultimate strength of plexiglas for dynamio loads is 1250-1350 
kg/em= (the value for static loads is only 650 kg/cm’). The maximun 
speed of the material behind the shock wave is 


1 (dx 
ews 7 (FE a! 


Yo! 


so the law of compressibility can he deduced from the measured D and 
Hz, for which we have the basic laws 


D=a—e (48,54) 


P= Polly mux De (48,55) 
Figure 115 shows the result; the compressibility ia linear up to- 
2000 kg/cn*, which justifies our assumption that plexiglas obeys HOOKE's 
law, at least up to that limit. 
49. Initial Parameters of Shock Waves in Media 

Escape of detonation products into air. We have seen above that 
(48,7) cannot be applied to the shock wave ard products when the latter 
escape into the air; LANDAU and STANYUKOVICH have proposed to incore- 
porate a correction for the variation in k in order to perform the cale 
culation. We do not know &(p) in analytic form, so they used two 


isentropic lawa dn order to desoribe the process: 
Pitt p0t ’ Path poly (49,1) 
in which subscript i refers to the detonation front, subscript k relates 


to the point where the two laws overlap, and vy is 1.2 to 1.4. 


HUGONIOT's equation can be used to find P, and v7 


po pee ag = 4 (mw — 0) +Qn (49,2) 


in which AQ is the reaidual heat and Q, is the heat of explosion. It 


ia found that ‘y,, is small relative to A oy 4 80 (49,2) can be put as 


es zit i phage = —2)+00 . (49,3) 7 
But sl ‘ 
' . Wey) 1 1 
PL RET cars “Tite 
BO 


Q= Qw— oun — 1° ( 49, 4) 
Now AQ. is thermal energy, 60 AQ = oT 3 the products behave as an 


ideal gas for p « Py» 60 
: Pits = RT ym REQ (gy —1)6Q (49,5) 


YOu 


We have two equations 
Pete = (1 — 1) 4Q , Pi = Pes ‘ 

for Py and 4%; 7 can be found only if the composition of the products 
is known, but we may assume that ,1&.1.3 for the usual high explosives. 
The velocity of escape is ; 

by = hy U;, 

fo Sty (49,6) 
in which ‘u. is the chanse in the speed of the products resulting from 


the rarefaction wave; here 
: rj 
‘ye fe 
= pe . 
7 


‘We divide the region of integration into two parts to get 


i io f¢ fe = Gar (e160) +p Ou — 


in which ¢ is the speed of sound and ¢ = CF yey ds Then 


sow ‘na + —3) = ( ~%). (49,7) 


CN oe Pus a 
ey (52) , 
50 substitution gives us that 
ps \ TE | 2 my 
[Py \ ¥% é Pw \ ty . . 

tenner tee (8)* etl -(2)"] oe 

Further, po = .0|if the products escape into a vacuum, co 
ket 
—_?P: 2k Py \ SR Qe 
+ Ham, oily 1— (Es) i (4919) 


The products produce a shock wave is they escape into the ‘air, and 
this reduces the escape apeed. Initially, the speed of escapo coin- 


cides with 2", the speed of the air behind the shock-wave front, which 


23 


we may take as strong. Ther we have that ° 


’ 1 " : : 
_D at w 1p = py A pe??, a! tn: (49,10) 
pe V2 Pe (49,11) 
ume wri? 


in which ta is 7 for air (1.2 for strong shock waves) and po is the 
density of the air in front of the wave. 
Equations (49,8) and (49,11) suffice .. determine tid initial 
parameters. Table 71 gives results for typical high explosives; the 
Table 74 


Initial Parameters of Shock Waves in Air 


Sleldele, 2 
Pa ae 
e{a}ayal as 


285 | ‘150 | 570 6450 | 7100 10500} 
ato | 1300! 760 | 7450 | 8200 | 11.900) ° 
360 | 1800 | 810 | 7700 | 8450 124 


Troty, ...| 1.60] 7000] 1000 
Hexogene , ./ 1.60 ; 8200 | 1300 
Tey, .. .| 1.60] 8400 1400 | 


last column is for escape into a vacuum, and here uw, ia much larger 

than D! (ug = D' for esoape into air). Experiment shows that these 

calculated values are somewhat too low, expecially for escape into 

vacuun. Moreover, the u, (and the other parameters) for air are some- 

what dependent on the density of the charge, as Table 72 shows for 
Table 72 


Speeds:of Shock Waves in Air Near Charges 


Mean speed, »/se0 


ms yo D, n/aao 


6-10 mm | 90—G0 moan | 60—00 mm 


vuarses 23 mm in diameter.. 

If we take the speed in the first section as D', we get u, for 
trotyl of cansity 1.60 g/om? as .2D'/(y + 1) = 6800 m/sec, so Po = 
640 kg/em*, which are somewhat higher than the calculated values. 
Hexogene having a detonation rate of 8000 m/sec gives p, = 840 keg/om? 


and ua = 7850 m/sec. The discrepancy can be reduced if we use the 


two laws 
pu const y pvt =<onst. 


It is usual in calculations on tha total effect of an explosive 
charge to assume that the datonation ia instantanoous. We can évalu- 
ate the initial parameters of the shock wave in air for this case, for 


u; = 0 and (48,7) becomes _ 


, dp | d, 25; 2 é, 
el Pt . YQ ‘ 
or 
| ae, | P, 4 2o aes 
aa \ ak in a |. 
te E— ee J+2e[1-4ay} _ 449413» 


in which the barred quantities apply to an instantaneous détonation, 


the others in subscript #1 being for the point of overlap: 
- Pi -2 3 
Pay 1 Gaede 
HUGONIOT's-equation for this detonation is 
Pi? Pra, 
i i Guy +AQ = Q,: 
50, if we neglect the second term as being small relative to the first, 
we have that 


_ PiMo oy 


Fite 
= %— TERT iy 2 Qe — 701)" 


AQ=Q,— 
That is, the residual heat at this point is not dependent on the. nature 


of the detonation. The parameters for this point of overlap are given. by 


PMO Py Vi P Pg Vg (1 — 1) 4Q, Cu = VAP Mey 


Yos 


Table 73 gives results for instantaneous detonations. Exnr 


Table 73 


Initial Parameters of Shock Waves Produced in Air by 


Instantaneous Detonations 


— 


Trotylk 2... 
:‘exogene. , .. 


at 


shows that the initial parameters of actual shock waves in air are 


higher than the ones calculated for instantaneous detenation; this 


feature must be allowed for in any calculation on the locul effects, 


but it is lese important in relation to the general effects, for the 


actual and calculated parameters become very similar at fairly small 


distances from the source, 


Shock wave in water. An underwater explosion from a charge wnose 


density exceeds 1 g/om? has a rarefaction wave in the products, 
here there is no need to consider the change in «, for there is 


large change in p or p. This means that we can use (48,7) and 


BO 


La= V (Pe — po) (Mo _ Vua) . 


The relation of p to p for water for p 3 5000 kg/em@ is 


mallet) 


in which A and n are empirical constants. Then (49,15) may be 


formed by neglecting py, because po << p,, and by replacing the 


406 


but 


no very 


(48,8), 


(49, 14) 


(49,15) 


(49,16) 
trans- 


specific 


volumes by the densities: 


7, ee tee fe fi—fe], (49,17) 


7 toaPoo Poo fom 
in which py is the density ahead of the shock wave and ps, is the 
density in the shock-wave front. Formula (49,16) gives us that 


ceoy 


This ratio of the p is inserted in (49,17) to give.that 


pr (49,18) 
nV Bin. 


which, with (49,14), solves the problem. A graphical treatment is 


convenient; experiment gives the A 


Pri" vea/en2 


and a for’ the range 0.03 to 0.2 
" Meg/om® as 


, 
Aq 3940 keen, n=8, 
i.e, 


Pom 3940 [(2)'—1] (49,19) 


» we D.a6 * (49,20) _ 
(65 t! 
IMO 
100 10 22) 2500 2600 30 M00 Figure 116 illustrates the graphi- 


—— us, afeoo 
; 7 cal treatment for the ex»losives of 
Fig. 116. Initial pare- 

Table 71. The curves for the rare- 
meters of shock waves in 
; . faction wave and for the shock wave 
water: 1) trotyl, f; = 
3 ; in the water have been constructed 
1.61 g/om’; 2) retarded . 
- 3 from (49,174) and (49,17); these curves 
hexogene, py = 1.60 g/em’; 

meet at a point that defines ug and pz, 
3) rarefaction wave in 

and so D! is given by 
products; 4) shock wave 


in water. 


Yo7 


This D' is found from the ratio of the p and the uw, as given by 


(49,20) and (49,18) to be 


‘Di = V ai (49,21) 
Furthcr, (49,16) gives us 4s and D,from the kuown po. 

The temperature chany- across the front in the water cannot be 
calculated exactly, because we lack reliable values for the thermal 
capacity of water at very high pressures; there is no information on 
the division of the internal energy between the thermal and elastic 


forms. We may, though, use the shock adiabatic 
Eg — E, = £8 (to — Veo), 
in order to determine the increase in the internal energy 
Af Fo Ey 
during the compression; Table 2h gives results found in this way by 
means of (49,19). The initial pressure and speed are less than for 


Table 74. 


Initial Paramaters of Shock Waves in Water 


570 
800 


Trotyl. 2... 
T™/¥ ..., 


the charge itself; moreover, bg lo; and'D, /D* tend to decrease as D. , 
and 'p; increase, which is a result of an increase in the compressibility 
at high pressures. 

CHALLE has given oomparable results for certain other liquids; he 
measured the density ratio by means of microsecond radiographs of waves 
generated by charges of TEN. Hia oa/ Poo . are: water, 1.75; ethanol, 


2.05; acetone, 2.15; ethyl ether, 2.45. The first is close to our 


yas 


value. 
The parameters of the wave senerated by an instantaneous deto- 


nation are given by 


2%; t Da\ Se 
tom | — (2) “ | (49,22) 
: wat 
taut = Y 211 — (2241) 1, (49,23) 


in which subscript i denotes the initial values for the products; D' 
is given by (49,21). and po by (49,19). Table 75 gives some cal- 
culeted results, which are substantially less than the actual values 
Table 75 
Initial Parameters of Shock Waves Produced in Water by 


Instantaneous Detonations 


| peg/om? | 22. kgyom?| 4 m/soa | 0’, vn] . 
Protyh i eee 4000" 
TH... | 1,69 62000 | 1350 4500 


— 


(our results agree quite well with ones calculated by the KIRKWOOD- 
BETHE method). The accuracy of any such caleulation is governed by 
the error in the relation of pressure to density, which is derived 
from measurements of the speeds of shock waves near explosions in 
water. Better methods of measurement are needed here, because 
results for isothermal compression (BRIDGMAN and others) cannot be 
used; water solidifies (seven forms of ice are know... when it is com- 


pressed slowly at very high pressures. 


Shock waves in metals. The density of a metal or alloy is 


usually greater than that of the products from a detonation, while 


4o4 


the compressibilities usually stand in the reverse relation; this 
means that a metal tends to produce a reflected shock wave. The 


equations for the initial parameters are 


ty ene [VBR pret ee 

thy kf [} V 2k WEES i (4g 2h) 
, a Pa 
le ih = [Pz (Yoo — Vow)}*, Rah, ° (49,25) 


These enable us to find the parameters if p(v} is known for high pres- 


sures. We have seen above that the relation of p to p for a metal is 


p=al(Z)—1). (49,26) 
so (49/25) becomes 
lp = tt! = (1-9), nw ee (M41), (49,27) 


Equations (49,24) and (49,27) give us che initial parameters of the 
shock waves ‘dn the metal if A and a are xnown. 

Table 76 gives these initial parameters for certain metals exposed 
to the detonation waves from typical explosives: Pol Pj > 1, and it 
increases with 4, although it decreases as 'p, increases. It is always 
substantially less than for reflection from an absolutely rigid wall 
“Chere :Po/p; = 2-4). Further, » increases by 10-25% when the shock 
wave is strong; as one would expect, duralumin is found to be the most 
compressible, and steel the least. 

The method deacribed in section 48 for examining the stress wave 
is not applicable to the tail of the wave if tha rod fractures; that 
method has been improved by BAUM and STETSOVSKIY as follows. 

A narrow scratch is made on one of the side faces of the rod; 
passage of repeatedly reflected waves past this point is recorded as 


: 


before, which enables one to use stress waves of any amplitude. 


4/0 


This mathod has 


8/3 | i 5 been applied to 
ia ze | a — Tr, | ' plexiglas to yield 
4 als - on] | Lt . 
Pe ert ; ao the .c = ¢(¢) cu 
i aS e | g | 7 1 it = (¢) curve, 
A dM gS | 3 y in which ¢ is 
a “i 8 8 : relative olongation 
q sy] og. g | 
aan ao and is tensile 
on slg 78 -8 4 
a : - > ‘ - gtress. The ¢ 
a “hy es R @ = { 
@ >—|——_ ~ = for an jexplosion 
‘ BR) a8 g & &.° 8 Sb 
= 8 a = a 4 > wave is the ratio 
‘ 3 oR = & 8 , : ‘ : 
& 8 —t_ = ee of the diaplacement 
2 a 4 | €8 € 8 : 
r! a] (i . . t 
ay | a) & 3% 8 ¢ of the line to the 
e — ——_— 
i . | 3l8 g { SS \ length of the sec~' 
pt SS ‘ . 
g let 2 | @ | tion acted on by 
£3 S| g ; the wave. It 4e 
: 1 
qd | 3 | Bo | | found that plexi- 
3 — — —_—____| 
| g | 8 | glas, although 
" 11 sdered 
usually ,onsidere 
a4 g € 
<a — - — as paastic, in fact 
ay e . 
HH obeys HOOKE's law 
fs , up to the point of 


rupture for explo- 
sion conditions; 
it behaves as an ideally elastic body, and YOUNG's modulus E is'6 x 104 


kg/cm”. For comparison, the E given by :@ = CEs y% is 6.05 x 10% keg/on*. 
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Chapter X. 
COMBUSTION OF EXPLOS‘VES. 
sic eristics of Explostys Combustion Processes. 


Under definite conditions most explosives are capable of :mdergoing 
stable combustion without transition to detonation. For powders rupid > 
burning is the basic type of explosive transformation. 

The results of theoretical and experimental studies show that the basic 
_., processes which are characteristic of combustion rather than detonation aro 
included in the following: 

1. During canbustion energy enters the initial substance by heat 
conduction, diffusion of gaseous products, and irradiation. During detonation 
the energy and subsequent initiation of exlosive seaction are provided for by 
the propagation of explosive pressure waves. 

2. The rate of dissenination of combustion proc. « is far and away 
less than the rate of detonation proc:sses. The rate of coacustlon cannot 
exceed the speed of sound in the startin: waterial, and is usually considerably 
less then this. This is a result of cue couparatively alco.-. ite of heat trans- 
fer and diffusion, It will be recalled that the rate of datorution processes 
always exceeds the speed of sound in the origin: abstance, - quyntly by a 
considerable margin. 

3. The combustion products formed directly at the fron. = u.c Zleme move 
in a direction opposite taat of tha flame front, whereas the » sits occurs 
during detonation. Consequently the pressure of combustion .. au... in we 
flame zone is considerably less than at the front of a detonation wave. 

4. The rate and character of tne chamical processes occ..cring durin; tae 


combustlon of explosives depend to a considerable extent on t.. excsrnal pressure. 
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For exemple, combustion of pyroxylin and of some other esters of nitric acid 
at relatively low pressures (up to 7 =~ 50 atmos.) usually leads to the form 
ation of nitrogen oxides aud formaldehyde. This does not occur at hicher 
preasures = of the order of hundreds or thousands of atmospheres, At very 
low pressures (close to the combustion unit) the combustion of many gascous 
mixtures goss vie a chain mechanism, whereas at sufficiently high pressures 
reactions going via a thermal mechaniam become important. 

The combustion of many liquid or solid explésivea proceeds either in the 
gas phase, or simultaneously in the gas and condensed phases. ‘The change to 
the final combustion products usually goes through a ‘series of internadlate 
reactions. 

’ It-is characteristic of detonation in explosives that the chemical processes 
ocour in both condensed and gaseous phases at very high pressures. Under these 
conditions behaviour of gases is virtually the sane es that of liquids. © 

Inwestigation.of the combustion of explosive systema had begun even in tie 
second half of the last century. Gaseous mixtures were mainly concerned. The 
moat important work on the combustion of gaseous mixtures during this period was 
oarrled out by Hallior and Le Chutelier, Dickson, and Michelson, Their 
investigations played en important role in the subsequent development of the 
theory of combustion of gaseous mixtures, The procesa of ignition and spread 
of the flame were studied for a long time in isolation frou the chemical 
kinetios, and this led to some of the prinaipal errors of the formal theories 
of combustion (Croy, Grimshaw, Leten, and others). 

Considerable progress has beer: achieved in the development of the theory 
of combustion of gaseous end condensed explosives in the last ton years. ‘This 
4s a result of progress in the field of chemical kinetics, and in particular 
the theory of chain reactions which has been developed in the main by Hinshel= 


wood and Semenov and their schcols. The thermal and chain thenriaa of suto— 
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ignition of gaseous mixtures, originatad by Semenov, have served as a starting 
point for the theoretical work of Soviet selentists (Zel'dovich, Franc 
Kamenetskii, Todes) on combustion. 

Important results have also been achieved recently in the study of 
conbustien piycesses in condensed phases aud in the study of the coaditions 
for transition from combustion to detonation. The most valuable studies in 
these fields have been carried out by Belyaev, Andreev, and Zol'dovich. ; 
Combustion of gaseous explosive systems. Gaseous explosive systems are 
chiefly mixtures of combustd ble gases or vapours with oxygen or air. A 
gaseous cixture can be ignited either by heating the mixture or by localised 
ignition (electric spark, etc.). 

In the first case the chemical reaction proceeds simultancously throuzi- 
out the volume of the vessel conteining the gas; in the sccond case & flene 
arises at the ignition point and spreads through the initial material. The 
flame appears as a thin 2one, which separates the unreactod starting material 
from the finel reaction products, and in which cheaical energy 1s converted 
into heat. IMesedination of the flame may ocour by dewnation or by normal 
combustion. The term "normal combustion" signifive tac process by which 
ignition of each layer of the gaseous mixture proceeds by thermal conductive . 
heating fron the previous layer, or by diffusion of active intermediate 
reactive producta into the starting mixture. 

-‘Jnermal_ md chain ignition. Ignition and subsequent buruing of gaseous 
mixtures can occur only in thoge cases in which the chemical reaction proceeds 
in conditions of progresalve autoacceloration. The oritic.. condition for 
ignition is therefore determined by the conditions for transformation frou 
stationary to non-stationary reaction. 

If at some velue of the temperature and pressure stutionury heating 
becomes impossible and the temperature of the reaction mixture begins. w 


increase to an important extent in a non-stationary mauner, the phenomenoa 


ys 


is designated thermal igition. At sufficiently low pressures heat evolution 
by the reactlon is compensated for by heat loss to the surroundings, As tie 
pressure is increased heat evolution in the vessel is increased, Tals leads 
to an increase in the gas temperature and consequently to an increase in 
thermal radiation. However, the rate of reaction end of heat evoiution also 
‘increase as a result of the rise in tenperature. 

Since the reaction rate (oxotharnic) increases exponontially with 
teuperature whereas the heat. loss increases nore or less linoarly with 
temperature, a continuously autocatalytio reaction occurs aS the result o: 
disturbance of the thermal equilibrium, and this leads to explosion (ignition). 
The limiting conditions for ignition depend notably on the dimensions of tua 
vessel when a thermal reaction mechaniem is involved. An increase in the size 
of the vessel leads to some decrease in the limiting ignition pressure because 
the relative size of the heat loss is decreased. Thermal combustion can be 
observed in any exothermic reaction, the rate of which increases sufficiently 
repidly with increasing temperature. 

If the concentration of active interacdiate products begins to riee to an 
important extent in a nou-stationary moaner at sone value of the external 
parameters, then the phenomenon is termed chain or diffusion igmition, Chain 
or diffusion combustion is possible only in autecatalytioc ruactions. 

Ignition by a chain mechanism is principally encountered at conpurativyely 
low pressures. Mast cases of iguition at atmospheric or higher pressures are 


of the thermal type. These are the reactions of most practical importanco. 
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The basic ideas of autoignition were discussed by vantt Hoff, according 
to whom the condition for an autoaccelerating reaction wus that the heoay 


input should exceed the heat losa. <A quantitative tneory of autolgmition 


was first formulated by Semenov. The essence of this theory is tnat, under 
% 


certain conditions (tamperature, pressure, 


etc.) the heat of reaction becomes larger 


than the heat loss, end, as a result of this, 
the mixture becomes seélf-hcating und tho 


I 

! 
reaction autoaccelerating, so that en 
4h 0% r , 


Fig. 117. Relation between explosion ensues. 
the heat input ¢, and the - 
hest loss 7, at different Let the gas mixture consist of molecules 


pressures, . 
. ‘A end B whieh react together binolecularly: 


A+B.= AB, In this case the rate of reaction 1s described by the oquation 


WZ ABIe (525.) 
where A and B are concentrations. The quantity of heat liberated per 
second as & result of the reaction will be 

g.=gW=9Z [Aj [8] grit ex Dyn (1 — nye WF, 
. (52,2) 
where ¢ is the heat liberated by each elcnentary act of tie reaction, n and 
(ian) ere parameters which characterise the composition of the mixture, p is 
the total pressure of the mixture, and D=qZ. | 
Thus the heat, 9, evolved by the reaction increases ripidly with temperature, 
end at 4 given teuperature it is proportional to the sevond over of the prossure 
of the mixture, 
In Fig.117 are shown curves which give the ralation between A and tac 
temperature at different temperatures. Tho greater the pressure the higher 


lies the curve, 
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To a first epproxdimation the heat '-3 per second, qo, can be ssruned 
to bo proportional to the difference buvieen the gas teaperature anu that or 
the surrounding mediun 

gsa(T Ty, (52,3) 
where Tis the temperature of the gas, 7) 4s wie temperavure of the surrowiding 
medium, and ais the coefficient of heat outflow. 

The graphical representation of the relation between g, and 7 ts a stroleat 
line. At low pressure, when the quantity of heat evolved is defined ty curve /, 
the gas will initlelly heat up as a result of reaction because ¢, >9,- The 
rate of reaction wll incresse until the temperature of the cas reaches T). 

At thls point 7, = 4a, end after ‘this acceleration of the roaction ccases. 

At higher pressures the heat -volution curve 3 lies completely above she 
heat logs line, n> Ob consequently the reaction rate rises continuously, 
leading to an explosion. | 

Curve 2 corresponds to a toundary case between "quist reaction" and 
explosion, It enly touches the heat loss linc. A small change in eithe: 
@irection of the pressure or temperaturs 7, would lead to an explosion or to 
a quiet resection. 

Evidently the pressure » corresponding to this case would be ths mininum 
prossure for self-lgition at the given temperature 7;. 

This pressure can be defined in terns of the condi tions for the curve ind 


the straight to touch. Two conditions must be fulfilled at the point of contact 


: 4g; _ 4% 


. . gW=a(Tr— 7»), (51,4) 
at EF 


ae 

The temperature T, oon be determined from equation (51,4). 
The solution, which we shall omit here, shows that 7: iy only a few 
degrees higher than 7). Hence we may use the second equation of (41,4) 


on ite own, putting 7T=7), to draw conclusions about the conditions for 


Y/$ 


thermal explosion. This equation gives 
_ Dp (lh aE ~aT, 
RTA ied (51,5) 
‘ 1 , £ 
ak we have £ w= CoM, 
i a 


Putting Dae 


or . In-fm ape ty inc, 


whence finally nfmfp+s, . ' (51,6) 


where ‘ A=aR 


a ae R 
an Bem yinCm gin pe aye: 

It 18 easy to show that the limiting condition for salf-ignition, rv 
expressed by equation (51,6), romaine correct in the case when the redotion 
is not bimolecular but goes vie a more complex rule: | 

. g& zB 
W =x Z (A)™ (BY 6 AF m= Zpmtt ym (1 — nie BT, 


In this casé A= ERR 


1 eRE 
ee ee 
m+ Daw (1—ay! 


and B 

Thus the loguritom of the ratio of the minimun praseure to the absolute 
temperature of autoigaition should depend linearly on 1/ty, This mle was 
checked end confirmed by Zagulin and @ nunber of othar worsers for a large 
number of gaseous mixtures, . . 

Seuenoy's theory of thermal axplosions, which is the basis for oll later 
work in this field, was constructed from the assumption that the tenperature 
may be assumed to be uniform throughout the vessel. This supposition is not 
in accord with the experimental data; ignition elways occurs in a localised 


volume at a maximum temperature, and the flame then spreads through the gas. 
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A later development of the theory of thermal ignition was Frank— 
Kamenetskii's so-called stationary the ry of thermal explosion, in which 
the distribution of temperatures in the gaseous reaction mixture 1s taken 
into account. , 

: The stationary theory of thermal explosions starta from the discussion 
of the stationary equation of heat conduction for a syste: wlth a continuous 


distribution of energy sources! 

MAT a— 97, . (51,7) 
where A is the Laplace operator, 7’ 1s the volume rate of heat evolution, end 
a is the thermal conductivity coefficient. 


If the rate af reaction 18 related to the temperature by the Arrhendus 
relationship, then 


‘gm Qze iT, (51,8) 
The equation (52,7) can now be put into. the forn 
AT = — a Ze7ME, (51,9) 
where Q is the heat effect of the reaction. 

The problem reduces to the integration of the equation (51,9) with the 
boundary conditions: at the walle of the vessel, T=7, . 

According to this theory ignition of the gas should occur when a 
stationary distribution of temperature becomes inposaible. 

Without going into a detailed discussion of the mathematical conclusions, 
we shall look only at the end results of the theory in the form of a criterLa 
which permit the limiting conditions of thermal ignition of the reacting gas 
to be established. 

According to Frenk-Kamenetskii thia condition can be put in the form of 
4 critical value of the dimensionless peremeter 


me : BE . 
r= 9 ia rZe “FT, - (51,20) 


where 7, is the temperature of the ‘walls of the reaction vessel, Qis the 
heat effect of the reaction, £ ia the energy of activation, ‘Ris the (gas 
constant, 7 4s. the radius of the vessel, and | Le WW -is the rate 
of reaction at a composition of thea reaction mixture corresponding to the 
meximum rate of reaction. 
The parameter, describes the aggregated properties of the systen 

(the rate ond heat effect of the reaction, thermal conductivity, size of 
the vessel}. The eritioal condition for ignition has the formt 


\ ben const = ep (52,21) 


If the corresponding parameter (which, when substituted into equation 
(51,10), characterises the experimental conditions) gives a value of & less 
than the oritical, then a stationary distribution of vemperatures should be 
established; in the opposite case an explosion should ensue. 

The critical value of & depends on the geometric shape of the vessel. 
For a plane-paraliel vessel ‘-t,,== 0,88: ; for a spherical vessel Bap = 3,32 
and for e cylindrical vessel with length L and diameter a 


tajo=,0040,843 “y 
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Table 77 + The theory permits the position of 


Deconpost fon Sich “Agnition limits to be calculated for 
(ClHp)y Na == Coty + Na ____» reactions of known kinetics. The 
Topas K | oflculated results show excellent agree- 
64 | ment with the experimental dete in 
| . number of reactions. Examples are shown 


Decomposition ‘of Methyl Nitrate , Frank Kemenetekii showed that 


(after Apin and Khariton)’ 


2CHAONOs = CHOH + CHO ++ 2NO, ignition had a therpal character if at 


p am Hy | Toajo,*K Toda: °K 


the ignition limit 2. exceeded the oritical 
' walue. If ignition ocourred at:2 less 
» than the oriticel value, then ignition of 


* Table 79 — ‘the gas had a chain character, 


Decompo si tion of Nitrous Oxide 


(after Zel'dovich and Yakovlev) In the stationary thoory of thernal . 


aute-ignition only the distribution of 


” QNgO ox 2Ny + Og . ; 
mm Hy | foniosh | Toba *K - temperature.in the vessel is discussed. 
; Tes chenca of this distribution with time 
* §90 1110 ; 
300 1176 is not taken into account. Todes, like 


170 1255 


Semenov, considered that the temperature 
was uniform throughout the reaction 
mixture, He discussed the relation between this temperature end time. 
Starting from the assumption 


mentioned above, we shall discuss the heat balance of the whole vessel. The 
quantity of heat evolved by the chemical reaction in the total volume of the 
veasel in unit tine is equel to. o 
“wQze “i, (51,22) 
where wis the volume of the vessel. . 
The quantity of heat lost from the walle of the vessel in the same time 
: fesir—Ty, (51,23) 
Y2r 


where'a la the coefficient of heat transfer, and 5 1a the surface of the 


walls of the vessel. The difference between these quantities of heat, used 


in heating the gas, is, in wit time ; 
ep SF (51,14) 


where ¢ is the heat capacity of the gaseous mixture, p is ite density (number 
of moles per wit volume), and /4e the time. 


Comparing these equations, we obtain thé heat balance equation 


_ oF 
» AT 8 20 RP. 85_ ol 
Putting T—Tr=,. then. 


It was shown earlier tut 0< 7, close to the auto-ignition limit. 
Consequently, putting © aE in the form of a geometric progression and 
omitting all terms of order greater than one, we obtein 


ee DL aan (51.26) 


Transforming to dimensionless temperature © 


. 6 = in d, ; (51,17) 
we get the equation (51,15) 4n the form 


ae = QE ~Hr, a 28 (51,18) 
dé sep Rr Zeue cow ‘ 


with the initial condition that G=0 at. fe0. 
S11 the terns in equation (51,18) have the dimensions of reciprocal time. 
To convert this to the dimensionless form it is necessary to introduce a 


unitary scale of time. Equation 61,18) contains two parametors which could 


Serve aS such 4 scale: 


‘ua (S Stet) | : (52,19) 
and = . 
im (Ga) 


On this bagis one can conclude that equation (51,18) should have tho form 
e=s(E, =), (51,20) 
where 1 can be either of the parameters ty or ™, 

Thus the relation between the dimensionless temperature and the dimension- 
less parameter, Z. » the value of which is determined by the form of the 
tenpersture-time curve. A sudden change in the course of the curve should 
occur at a definite critical value of the paraneter = » 420., the critical 
condition for ignition will be: 

“t= const. (52, 21) 


4 
Thie result was firat obtained by Todes. If one takes from the theory 
of thermal conduction the valus ; 
a= Nu *, 
where Nu -- the Nusselt criterion - is a constant value depending on the 
geometric form of the vessel, dis the characteristic linear dimension of 
the vessel, ‘and 4 is the thermal conductivity coefficient, it is not difficult 
to ascertain that, with a precision of a constant factor, the parameter 2 
coincides with the parameter § introduced in the stationary theory. Thus 
both ‘theories lead to a single form for the eritical condition for auto—ignition. 
Let us determine the physical meaning of the parameters 1 and tha Let us 
write equation (51,18) in the form: 


de 6 
ir or i (51,22) 


On the right hand side the first tem is proportional to the amount of 
heat evolved in the reaction, whereas the second term is proportional to the 
amount of heat lost from the walls, At temperatures and pressures consider 
bly above the limiting values, the first term will be much larger than the 
second. In these conditions heat loss can be neglected and a thermal 


explosion may be considered to be adiabatic. In this cage the relation 
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betwaen temperature and tine suould have the form 
“e=s(Z), 

d.e., tho timc to reach soma value of will bo proportion. va ue 
Consequently the induction period, i.e., the time during which the anu 
ignition occurs, is proportional to the parameter « in adiabatic thernal 
explosions. An analytical solution shows that the proportionality constant 
is unity. ‘ 

Tne paremeter 1, 1s therefore termed the adiabatic induction period. 

From equation (51,19) it follows that the adiabatic induction period 


2 = Bel, (52,24) 
where a=(loae Zip —T,) - (51, 25) 
° ¢ Rri ) [aA p m 0] ’ 


(7, = L247, ds the maximum exploaion temperature) 15 calculated on the 
assumption that the heat capacity 1s constant. . 

The relation between the induction peried and the sel fai gnition 
temperature (51,24) evidently has a more general value, and aS has been noted 
(see Chapter II), 4t is found in experiments on most explosive systems studied 
both in the gas and in the condensed phase. Equation (51, 25) establishes the 
theoretical relation between the pre-exponential factor 4 in equation (51,24) 
and the nature and basic kinetic characteristdca of the gaseous mixture. 

According to the theery developed above explosions principally arise in 
heated systens. However, many casea are known in’ which 4 slow reaction can, 
in certain conditions, become autoaccelerating, not as a result of heating, 
but as a result of the accumulation of catalytically active intormediate 
reaction products in the system, This occurs in conditions favouring the 
origin end branching of chains. In this case heating is the result of tha 


explosio:, not its cause. 
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The active intermediate products react with the starting materials and 
transform tham into the end products of the reaction. These processus 
require a comparatively enall activation enerpy, (especially when tho active 
_products) are free radicals or atoms) and t...y therefore go at a groat speed. 
The initial formation of tho active centres from the stable starting materials 
requires a high activation energy and hence cannot proceed at a high speod, 

For an active centre reaction to proceed sufficiently fast it 1s necessary 
that the active centres showld be regenerated during the roaction, 1.e., the 
reaction of the active products with the starting materials should produce 
non active intermedinte products as wall as stable terminal reaction products. 

Reactions in which regeneration of the active ‘intermediate products 
occurs, ave called chain reactions. Each active molecule (atom, radical) 
woich 1s consumed during the reaction cauaes a prolongation of the chain in 
subsequent reaction steps. 

In the last decade great progress has beon made in the study of the 
kinetics and devalopuant of chain reactions, largely as a result of the work 
of Bodenstein, Hinshalwood, and the Soviet school under Semenov, who have 
particularly developed the important bases of the cuain-theory of explosion 
for gaseous mixtures. 

Toe chain theory of chanical reactions was first introduced to explain 
unusually large quantun ylelds (the number of reacted molecutes arising from 
the absorption of one light quantum) in photochemical reactions - in certain 
cases the quantum yleld reached 105 molecules per queatun. 

As an example of a chain reaction the interaction between chlorine and 


hydrogen may be taken. According to Nernst this goes in the following way: 


“Ch-t Av == C1-ECl, 
C] + H,= HCl +H, 
H-+Cl,=HCl +Cl+45 koat, oto. 
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In this casa 4 quantum of light causes the diseoclation of a molecule 
of chlorine inte chemically active atoms. In subsequent steps these atow: 
react with the starting materials te form new active contres (chlorite and 
hytscden otvas) which enputa tha contdauution 62 tiv Glddil 
Other examples of raactions with chain mechanians ere the reacticus 
betwoen hydrogen and oxygen and between carbon monoxide and oxygen The 
initial active centres in the fomner reaction are hydroxyl free radicals: 

H;-+0,=20H. ~ 
The process then procoods further by the following schane: 
1) OH +H, = H,0--+H, 
2) H+O,=0H+0, 
8) O-+H:=O0H+H eto. 

In this process a alngle OH radical, many times regonerated, is capable 
of forming a large aunbar of water molecvles, The three intermediate products 
of reaction - OH, H, and O = are active centres and chain carriers. 

Loss of one of the active centros, by a reaction which does not lead to 
regeneration, prevents the formation of many water molecules: such a process 
4s called chain termination. In the case given the chain may be terminated 
as a result, for exanple, of the following reactions: 


OH+CH =H, +Cy, ' 
H-+H=H,, 
O+0=0,. 

Chain rupture can also occur at the surface of the vassal walls either 
by reaction of the ective centres with the material of the walls, or by 
Simple absorption, 

On the other hand, reactions (2) and (3) lead to an increase in the 
number of active centres; ~such processes ara termed reactions with chain 


branching. If tha pate of increase of activa centres caused by chain 
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branching reactions exceeds the rate of their loss by chain terainatioa 
reactions, then continuous autoacccleration occurs end finally the syste 
explodes, In the opposite case lgaition of the gus dacomes ixpossible, 
Thai ua of wis-ip ution. The occurrence of upper and lower ignition linits 
may be explains: in conditions in waich chain reactions proceed. Uzper and 
lower ignition limits have beon estavlished for mixtursa of hydrogen, carbon 
monoxide, methane, and some othar gases, wth oxygen av oub-atmospheric 
pressures. A typical disgr.a of the ignition limits for 

4a given in Fig. 118. 

The lower ignition tanperature is characterised by the fact that for 
avery tanperature there 1a some minimua pressure, p, , below which it is 
impossible for ignition of the gas to occur. Waoen the pressura on the 
lower limit curve is lowered the anuto-ignition temperature rises. However, 
in a certain tanperature range ignition is impossible if the pressure 
exceeds some critical value, 2. | Thus the region in which oxmlosive 
reaction occurs is shaped like a peninsula and this phenomenon is teraed 
peninsular ignition. 

Tenition limits may be determined in the Zollowing manner: 

Leta gaseous mixture in a vessel be heated to <he tenperature and 
pressure required to exceed the pressure, p,; , corresponding to the upper 
limit, In these conditions a slow reaction will occur. A gradual 
pumping out of the mixture initially leads to a further decrease in the 
rate of reaction, but then at definite pressure, pi, explosion occurs, 
dndicated by a bright flash. The reaction retains its explosive character 
until some very low pressure,'r,, 1a reached when the mixture again ceases 
to izmite., As the temperature decreases the upper and lower limits © 


approach one another and finally their ends coincide. 
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The existance of aon upper limit caa serve 
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gy oo i ny, 

ied | pot 

2} it oan as en wundoubsed demonstration of the chain 
| 
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mochanicn of tise reaction, In the given 


cage o Gecresse ia pressure leces w an 


Tgnitdon teaperature; %¢ increase in the rete of chain branching 
Fig.118 Region of ignition reactions in comparison with the rate of 


for a stolchrometric mixture 
of hydrogen and oxygen at homogeneous chain termination. Consequently, 


low pressures, ‘e 
_below @ certain critical pressure the process 
accelerates so much that an explosion onsuas. 
Tails could not occur by a thermal mechani sm. 
According to Lewis end Alba, the existence 
of a lower limit for the hydrogen-oxygen 
explosive mixture is explained by the loss of active centres on the walls 
‘seterogenous termination). At.a sufficiently low pressure tho part played 
by chain teraination at the walls increases to such an extent that o further 
decrease in the reaction prossure finally causes the reaction tw lose its 
explosive charactor, Studies by Halbandyan and his od=workers showed that 
the principal heterozenous chain teruination process in tha Ha-b On. reaction 
ds the loses of atomic hydrogea at the surface. This was explained by the 
fact that, because of its endothermicity, tha slowest of the basic steps in 
the reaction is 
H+0,=0H +0. 

Consequently the concentration of atomic hydvogen in the reaction zonc 
is considerably nisher than the concentrations of the remaining active contres. 

Study of the kinetics of chemical reactions above the woper ignition , 
limit showed that, when the pressure was increased, the slow reuction was 
agein transformed to en explosion, and this is linked with the existence 


of a taird ignition limit. The curve of tals limit is characterised by 
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the fact that, starting from a particular pressure, an incvcasa in pressure 
leads to a si .weorgase in the auto—iimiti.n tempcrature, 
‘ Acid) 


Renee 2... 4 camtaks wooperavure vauge wer. 


Sogdhien 7 is Pe ry a es 8 age ~, wee ay 
unbaves not ong, oy throu, danite anal cic 


relation between the nition temporature 


and the pressure has the general fora 
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shown in Mig. 119. gL! ioe i 
a WO 660 «ORO 120) BHD TE 
Frank-—Kamenotskil's calculations Pig.329, Change in tre 2scition 
. tonperature of a stolichionstrie 
showed that the ignition of a hydrogen mixture o¢ methane and oxyzen 


with pressure. 
oxygen, mixture in the region of the 


third limit had a thermal charactor. 

It should be noted that, unlike auto-ignition, an upper limit does not 
exist for electric-spark initiated explosiona. 

a tic effect of 1 6s (additives). The largo effecta of additives 
in a gas on the conditions and rates of chain reactions 1s explained by the 
catalytic effects of tho additives. Additives which appear to be positive 
catalysts are substances capable of <iving rise te active centres of ) 
initiating chains, or of hindering the diffusion of active centres to the — 
walls of the vessel. Negative catalysts on tho other hand usually cause 
chain rupture by reacting with the active centres. 

For example, small quantities of iodine or the other halogens strongly 
repress the oxidation of hydrogen in an explosive mixture by introducing the 
followlng processes: 7 

| H+l=HI-+1, 
H+ Hi=Hy+1. 

The reaction between carbon monoxide end oxygen in the presence of traces 

of water vapour and hydrogen serves a8 an example of positive catalysis. Two 


types of reaction have been established for this mixture. One of thege 
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occurs within an ignition peninsula at temperatures batween 490 and 700°, 
Tho upper ignition Limit corresponds to pressures from 70 im tw atmospheric’ 
pressure, Water vapour does not affect tio position of the upper limit 
and bence does not take part in ‘the mecnanisn of this reaction. 

According to Lawls and Alba the active cantres in this reaction are 
the CO; radical and the ozone molecule. dowever, this should lead to an 
almost complete suppression of the process at a sufficiently high temperature 
because of the thermal instabliity of CO, andU,. It 1s know. from oxerimente 


‘that a,woll dried mixture of CO and | oxygen will nowt react even up to 70° at 


pressures of the order of atmospheric (i.e. above the upper limit)... Above 
700° only a slow heterogenows reaction is observed. Thus the. houogencus 
(taking place in the body of the vessel) type of reaction! discussed above is 
practically impossible outaide the limits of the ignition. peniasula, 

In the conditions desdribed above the process in a moist mixture is 
strongly accelerated, but the mechanian is changed considerably, According ’ 
to Semenov and Zel'dovich, it can be described by the following scheme: 


an 


H+0,—0H+0, 
OH +CO == CO,-++H, 

CO+0=CO,, 

O-+-H,=OF +H, 


On the basis of a spectrographic study Kondrat! ey concluded that the 
limiting step in the combustion of COin the presence of wolsture is the 


process 
OI) Soa Sy ia - 


Stationary and non-stationary chain reections. Depending upon the con- 
ditions, a chain reaction occurs in a stationary or in a non-stationary form. 
We shall discuss the simplest case in which only a single active intormediate 


taces part in tae reaction. Let us call the concentration of the active 
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occurs within an ignition peninsula at temperatures between 450 and’ 700°. 
The upper 4 jaition lim1t corresponds to pressures from 7 mm to atmospheric 
pressure, Water vapour does not affect the position of the upper vintt 
and henos does not teke part in the mechanisn of this reaction, 

According to Lewis and Alba the active centres in this reaction are 
the CO; radical and the ozone molecule. However, this should lead to an 
almost complete suppression of the process at a sufficiently high temperature 
becauss of the thermal inatabllivy of CO; and Oss It is known from experiments 
that a vell dried mixture of CO and oxygen will not react even up to 700° at 
pressures:of- the-ordar-of atmospheric (1.@. above the upper limit). Above 
700° only a slow heterogenous reaction is observed. Thus the homogenous 
(taking place in the body of the vessel) type of reaction discussed ‘above is 
practically impossible outside the limits of the ignition peninsula, 

In the conditions desoribed atove the process in a noist mixture is 
strongly accelerated, but the mechanian is changed considerably, According. 
to Semenov and Zel'dovich, 1t can be deseribed ‘by the following scheme: 


H-+0;=0H+0, 
OH +CO =CO,+H, 
—CO+0=CO,, 
O+H=OH-+H, 
OH ++ Hy=H,0 +H: 


On the basis of a speotrographic study Kondrat!' ov concluded that the 
liniting step in the combustion of COin the presence of moisture is the 


process 
OH +CO=CO,+H. 


ta an n—sta ¢ . Depending upon the con- 
ditions, a chain reaction occurs in a stationary or ina non-stationary fora, 
‘We shall discuss the simplest case in which only a single active intermediate 


takes part in the reaction, Let us oall the concentration of thé active 
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product +, The change of this parameter with time 1a governed by tha 
kinetic equation: . 
tie — ex, (51, 26) 
where ny is the rate of chain initdation, f is the rate constant for chein 
‘branching processes, and g is the rate constant for chain terminating processes, 
| ; Under chain initiation are included the primary processes of intermediate 
product formation from the starting paterials; under chain brenchang, those 
reactions in which one molecule of active intermediate reacts with starting 
material to give tw or more active centres; and under chain termination, 
“processes by which aotive centres are destroyed. 
The solution of equation (51,26) has a different chcvacter, Gepending on 
the ratlo between the parameters I and g. When.g>/ we shall hevo o 
stationary regime. In this case the concentration of the active procuct, x 
wlll, wth time, approach a stationary value: 


x=. (51,27) 

Wnen this value has been reached the concentration of the active product 
will ramain constant, and the reaction will go at a constant rate 

: veke | (51, 28) 
where'k 1a the rate constant for chain transfer, 

By chain transfer is meant the procesa by which one molecule (aton, 
radioal) of intermediate product reacts with starting material to give tue 
final reaction product; the active intermediate 1s regenerated. 

The rate of chain transfer is not included in equetion (51,26) because 
wig reaction does not alter the quantity of active intermediate. It is 
formed as fast as it is consumed. However, the rate of chain transfer 


multLplied by tae concentration of active intermediate does determine the 
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rate of tha overall process for the conversion of starting materials inte 
‘Binal reaction products, 

Tho parameters ‘no » f, and g depend on the concentration of the starting 
materials and change slowly aa the reaction progresses. Consequently, , 
according to equation (51,27), the parameter x changes. Hezice di should not 
reelly be called statlonary concentration of tho intermediate, but a quasi- 
stationary one. However, the initial change in the parsnectar ‘x, (4.0. until 
4t reaches its quagi~stationary value) occurs in ‘a short time during which the 
concentration of the starting material does not undergo a notable change. 

It ia know from the taecory of chain reactions thet 


. ; 3 tee 
se a and j= a Nags 


whore 2 is the probability of chain rupture, p is the probability of chain 
branching, and 4, is the average time between two successive reactions in:the 
chain, 

By carrying out tae respective substitutions, and by conaldering that 
the rate of reaction 


VW==, 


we can put equation (51,28) in the forn 
Wa = Bol, 
gy 
The parameter 7 1s termed the chain length and is the average number of 
elementary reactions or links in tae chain arising from a single active 
centre in unit time. , 
With />g a non-stationary reaction is obviously obtained, In this 


ax 
case ae): 
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Putting f[—g=9 , we get the equation (51,26) in the following form: 
Fa o(x+ 2). (52,30) 


Integration of this equation gives 


In (a+) = et 
* rat (Ler—1), eB) 

. lor times greater thm + the concentration of active product and the 
reaction rate will increase exponentially with time, i.e. at a rate proportiond 
to ev. The initial period, when the active product concentration and 
reaction fate are small, is the induction or chain origin period. Its 
length is of the order of + . ; 

If we change the reaction conditions in such a way that the parameters 
& ond f change, then at g=/.a sharp change in the character of the reaction 
will occur ~ & transition from a stationary to a non-stationary eysten. Thus 
the criterion that. g=/ is the condition for chain autoeignition, 

We have discussed the case in which only one active intermediate product 
takes part in the reaction. When several intermediate products take part in 
the reaction the reaotion can become much more complex, but the prinolpal of 
the diagran dees not change, . 

It follows fran the theories discussed that autowacceleration and ignition 
of a gas mixture, in which a chain reaction is taking place, can occur, not as 
@ consequence of self-heating, but as a result of rapid chain branching... It 
ie necessary to bear in mind that the increased rate of a chain reaction may 
in its turn lead to heating of the mixture, thus providing the prereauisita 
for an suto-accelerating reaction. This 18 because ell the parameters ‘of a 
chain reaction = the probability end rate of chain branching, the number of 
active centres, the rate of the chain reaction = depend extremely strongly 


on the tenperatire, 
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; bas in liniting aizture. 
Fig.120. Relation between the ignition concentration limits and the initial 
temperature, . 


Initial teny 


"Combustion of & gaseous mixture is not possibla at any percentage 
composition, When the composition is changed boundaries will be reached 
outside wiich 1t is not possible to cause a diffused Dame to arise evan with 
a very powerful spark, These boundaries are called concentration limits. 

The lower limit arises from a deficiency of oxygen in a mixture with an excess 
of the combustible component, 


Concentration limits depend on the experimental conditions, . With 
increasing power of the initiating impulse, ‘of the initial temperature or 
pressure of the gaseous mixture the concentration limits are pushed farther 
apart. 

The relation betwean the concentration limits and the initial temperatures 
for mixtures of carbon monoxide (curve /) and hydrogen (curve 2) with eir are . 
shown in Fig.120. 

It is evident from the ‘figure that as the initial temperature is decreased 
the upper and lower Limits approach one another, and it is. evident that they 
will coi:.cide at some particular temperature, This will evidently correspond 


to the mixture most likely to ignite in the conditions given. 
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The change in ccncantration limits with pressure is described by the 
curve shown in Fig. 121, 

It is evident from the curve that the concentration liwits are narrowed 
as the pressure is decreased, ond on reaching sono micimum pressure, ~o, the 
mixt:.c2 becomes completely wuble to burn. sis cressurs, p,, comresne7.cs i) 


tha most favourable retio of components in the 
4 


Explosive | mixture. The explosion re,-on at a given texpora- 


region 


ture is celimited by the curve acb. 


The concentration limits also depend on whore 


048 WIKA the gas 13 ignited. When the gas is ignited from 
Fig.l21, Ralation below, 1.e., when the flame spreads upwards, the 
between ignition con- ; 
centration limits and concentration limits are always wider thun when the 


the pressure, 
flame spreads downwards. This is explained by the 


fact that the flame cannot move downwards waen its rate of diffusion is slower 
than the rate of convention of the hot combustion products. Such a ratio of 
rates is eatablished close to the concentration limits. From the point of 
view of safety techniques it is natural to consider as the index the possibility 
of ignition within the concentretion limits with a spread of the Slane from the 
bottom upwards. 

Concentration limits for mixtures o> various gases and vapours wita are 
ure cited in Table 8 (date from Lewis and Aiba), 

The ancentration limits citod in Table 80 were determined at atmoszheric 
pressure and room temperature with upward spread of the flewe in tubes with a 
diameter of 10 cm. or mora, 

voncentration Limits are determined not only by taa concentration of 
components in the gaseous mixture but alao by the diaceter of the tabe. 
Expansion of the concentration iimits is observed in tudes with dianeters of 
up to 5 cm. The sane mixture will burn in a wide tude but not in tubes whose 


diameters are smaller than a critical value, is phenomenon was discovered 
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by Davy in 1816 and was the tasis for the construction of tne miner's safcvty 
lamp, in witch a conper gauze wits small holes prevents spread of the flo 
from the interior of the lanp into the atacsphere of the mine. 


Teme £2 
Concentration limite for mixturce of geses and vapcurs with air. 


Poacentration Ainite, | 

Substance Fornula : 
. slower Upper 
Hydrogen. ww ee wae H. * 400 [- 74,20 
Carbon mongxida, 6 2 ew ee co 12.50 74.20 
Carbon dioulphide.........0. CS. 1.25 50.00 
Hydrogen sulphide... . . 0 ees H.S 4.30 45.69 
Asmonda gt ee NII, 15.50 27,80 
Hothané, 2 0. ee CH, 5.00 15,00 
Ethane 2. ee es CrHy 3.22 12.44 

Bthylena.. 0. eee CyH, 2.75 28.60 . 
Acotylee’, 2 et ee CoH, 2,50 80.00 
Vathesoh lel. cH,O 6.72 36.50 
. anol fk ee a tee Cal1,0 3.28 18.95 
Laothyl ethor 6. we C,14,,0 1,85 36.60 
Nothyl ethyl ether 6... , an CatyO | 2.00) 10,16 
Acotone, 2. we ee eee CyH1,0 2.65 2.00 
Bongeno. 2 6 2 ee th et * CHa” 1dl 6.75 
Soluene@, 2 ee ee Coity 1.27 6.75 
Xylene. 0 oe we tt te ’ Cublio 1.65 7.60 
Dichlovoothano . 2. 1 kee CHCl, 6.20 15.00 


The origin of concentration limits is heat loss to the surrounding apace 
by heat conduction through the wells of tre tube and heat lose by irradiation. 

When a flame is spreading turough c narrow tube the limit of dissemination 
is connected with heat conduction at the walls. The concentration linits 
beyond vhich spread of a flame is 1x sible in a vess.l of any diameter, 1a 
caused in its turn by radiative heat loss. 

Zel'dovich developed the theory of the limits of flaue spread. 


2, Combustion of Gases. 
Study of the processes of combustion in gaseous mixtures havo been based 


princinally on the wee of phetogreshic mothcds, Tw wesayuy vs iumes may 
be carried out directly or by shadow or Schlieren methods which are based on 
differences in density between the non-conmbusted mixture and the products of 
combustion. - Direct photogrophy is possibie when the Luminescent intensity of 


the flame in sufficiently groat. 
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The combustion of gaseous mixtures may occur in very different ways 


according to the experimental conditions. When wmbustlon of the mixture 


occurs at constant pressure, the flsmo ls observed to sproad uniformly at a 
constont rate, This type of combustic: con be broughs about by igniting 
the gaseous mixture at the open ond of o tube; im this case a continuous 


equalisation to atmospheric of the pressure at the flane front occurs. This 


condition (p= const) is observed in the cone of a bunsen burner flane, in 


which spread of combustion also occurs ata constant TOs 
A uniform rate of flame diffusion cua also be brougat atout by the soap 


‘bubble method (Stevens! method). A spherical flame front is formed by spark 


ignition of the gas in a soap bubble. As the flame front diffuses the 


diameter of the bubble increases as a result of the diffusion of -ombustion 
products. Bocause the resistence of a soap film is very small, the expansion 
of goses and the whole diffusion process goes at an almost constant pressure. 
The rate of diffusion of the flame in space is a combination of the rate of 


diffusion of the reaction zone relative to the gas and the movement of the 


expending gases, 


Rate of co-bustion, en/sex, 
& * . 
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Fig.122, Relation between the rate of flame diffusion (a), or the rate of 
combustion (b) and the composition of a guscous mixture. 
The experimental results of various authors showed that the rate of 


combustion of gaseous mixtures depended strongly on the concentration of 


tho components. Exemples of this are shown in Fig. 122 and 123, 
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To give the curves a more syrmetrical forms, the absolssa in Piss, 1z2 


is given in terms of tha svauure of the molcfraction of COin the mixture, 
These data apply to xoist mixtures of CO cid O23; the noletractica of H,0 
isC.053. The waxciwua rites of comzucticn for CO oné CH, lis ‘in the con- 
emtration region close to a stoic.icnetric rato. 

The effect of mall concentrations of water on the coubustion of 2 


stoichiometric mixture of CO and O; is ehown in Fis. 124, from which it 


s 
‘ 


can be seen Caat neoglisible cusnt) > -es of water vaseur ..ocd to a very shar3 
increase in the rate of flamo diffusion, This is in agreement with the 
eatalyiie role of water vupour. Water vepour appears to have no effect on 


the rate of combustion of a mathaone mixture. 
040 (Coo 
ny 
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The rate of diffusion of a flame depends 


markidly on the tube diemetor, The corres- 
ponding date for a mixture o* methane and alr 
are shown in Fig. 125. 

The greatest valucg measured correszcad 
to a tube clameter of almost i100 mm. From 


the shape of the curve a repid cessation of 


Rate of corbustio:., er/see. 


the rate of growth would not be expected on 
further increasing the tube dieneter, Tais 
phenomenon can be explained ty the fect that as 


the tube dlaneter is increased the Tlene front 


is distorted by convection currents. Asa ug G2. te bo 
“Mozax ratio of fuel. 
reault the combustion surface is considerably FMg.12%. Ralation between 
. rate af cenbtusticn spd tina 
ancreased and this is a continuous cause for concentration corimosition 


of & gaseous mioturo. 
an increase -n flame velocity. 
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As a result of working up experimental data Coward and Hartwell showed 
that if the tube cLameter 1s greater than a erltical value, then tao veloci uy 
of the flame (defined as the volune of gas burned in wait time at veit surface 
of the front) remains unchanged as the tube dieseter changos. 

The experimental resilts cited have a simple theorotheal explenati on. 
Tha basic lewof canbustion in a moving gas were established by Michelson 
in his work "The normal velocity of combustion in explosive gaseous mixtures". 
According to this law, if the normsl to the surface of the fleme front is 4% 
an angle 'y t the directicn of diritusion, thon tie rate of diffusion of t:o 
flame increases in inverse proportion to cos ¢. If the rate of diffusion 
of the flat fmnt of the flame relative to the non-moving gas in a direction 
perpendicular to its surface is w,, then the velocity uv of the flame in the 
Glrection of its aiffusion will be 

v= (52,1) 


cos * 
The relation (52,1) is know as the cosine law. w is known as the 
normal or fundamental rete of diffusion of the flame. 

The area rate gives a more genorol formulation. Itis used for the 
curved fleme front as well as planar ones. It follows from this rule that, 
for eny size of flame front surface, the rate of ciffusion increases as the 
ratio of-surfacenof the flums front to its projection on a plane perpendicular 
to the directicn of diffusion. 

Let a flame diffuse in a tube of crosa-secticnal 9 ata velocity v. 
The volume of the mixture being burat in unit timo will be: 


V= va. 
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Fig.124. Effect of water vapour concentration on the rate of flame diffusion. 
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Fig.125. Relation between the rate of flane diffusion and tube diameter 
(methane and eir mixture). 


On the other hand, at each point on the surface the fleme front is diffusing 


ed seme 0 


in a direction normel to this front at a fundamental velocity v. If the 
surfaces of any sort of curved fleme front is designated S, then the voluse 


of the mixture being burned in unit time 1s described by: 


V=ws, 
Hence “@ 


gues, , 
— (52,2) 
which is the equaticn for the area rule. ; 


4yr 


‘In certein cases of planar falme fronts we shcli heve 


m= S5CUS 9, 
ené the areca slo yall be transformed tute the coctise lua 
Sey Ee ual Betusto of Slo os. if the cheniscal coubustion renctloy 


is not eutoecatalytic, then the cause of flame diifusion can only bs trenste. 
of heat from the combustion products to the unburned mixture. This type 
of flame diffusion is termed thermal. . | 
A model of the distrituvion c" temperature in a gaseous mixture caused 
by neat of reaction end thermal ecmduciivity is shown schematically iu Tie.125, 
. docording to this @cheme, chemical reaction (the conbustion zone) begins 
or.y at a temperature 7, close to the ta:perature 7, of combustion of the 
gaseous mixture, In the zone limited hy the tenperatures 7, end 7, (ths 
initiel tanperature of the starting naterials) reaction proceeds £0 lowly 
thut heat evolution con be netlected. In this case the width of this (the 
heating zone) can be determined, stavting from the differential equation for 


thermal conduction. Tor the one dimensional case this has the fora 


car tT 
"Tea (52,3) 


where ¢ is the volume heat capacity and 7 is the coefficient of therual 


conductivity. 
The solution of equation (52,3) has 
5 the form 
Oe ‘ 2 ° 
candusttonlZ) T=: T,+Ne # , (52,4) 
product Y . : ; 
g Starting where u is the rate of fleme diffusion, - 
Yb y ( ature . . 
“Gonbug tion ‘gone N is a constent determined by the 


Pig.126, Toempereturo distribue boundery conditions, and ia the ratio 
tion in a burning ; 
gaseous mixture, of the thermai conductivity.to the volucs 


heat capacity and is called the coefficlont of tenperature conductivliv 


3 


peep (52,5) 


where p is the mean density of the gas in tao temperature rotge ciscussca, 


— 
e 


Becezse at ¥=co T=, , and at x-=0 7==7,, then N=7,—7, ond 


(52,4) may be changed into the fora 


/ ON TT u 
A Ronee, (52,6) 


EWuation (52,6) makes 4+ possible to judge, the order of the width of 
the layer in which heoting is impowtmt. This equation was first obtained 
by Michelson. 

If as a scale for the width L of the zone we teke the dlstence in which 


coor (52,7) 


Substituting in (52,6) the corresponding constants for a tomserature of 
about 500°, we find: 4 = 0.06 cm. for a mixture of methane and alr (uz = 
5 em/sec.) and L = 0.0003 om. for the explosive mixture 2H,4-0, (u = 1000 em/sec). 
In both ‘cases the width of the heating zone is many times greater than 
the free path of a molecule. As a denonstration it is sufficient to substitute 
dnto (52,7) the molecular kinetic expression for coefficient of thermal 


conductivity 1 
= Tt Cy pre’, 


where 4 18 the longth of the free path of the nolecule and'c’.is the meta 
velocity of thermal motion of @ molecule. 
The parameter c’' is of the order of the velovity of sound in thse gas, co 5 
both these parameters are proportional to VT. 
Thus, according to the order of parameters 
Laghy (52,8) 


For our examples "oe. 
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Using the corresponding ratio of the kinetic wsory of gasea it ia aasy 
to establis: in a general forn the connoction between the rate of flane 
diffusion and the speed of sound in the gaseous mixture. 

As has been show the width of the heating zone is given by tio relation 

Lat, 

The width of the combustion zone Le i.e. the zone in which an intense 

chemical reaction is occurring (see Fig.126) will be 


Le=sut,, (52,9) 
when t-is the time of a chanical resotion, 

It is evident that Lr cannot be longer than LL. In fact the combustion 
zone is alveys smaller than the heating zone. ‘To observe its size it is 
necessary to conclude that L, and L are proportional: 

= OL,. (52,10) 
where the coefficient @ <1 and depends on the reaction kinetics and the 
tenperatures 7, and 7. . | 

By simultaneous solution of the equations (52,9) and (52,10) we obtain 
an expreséion for the rate of flame diffusion: , 

umpot, * _ (52,12) 

If 448 the length of the frea path end 1 ia the average number of 
collisions necessary for an elementary act of the chemical reaction, then 
the time for the chemical reaction is. 

c= +t, (52,12) 
where c’ is the rate of motion of the molecules and My is the means of ‘Antro- 
ducing the molecular thermal component by means of which 1t reacts. 

' Replacing +. by ite value from equation (52,12) and the weffiocient of: 
temperature conductivity by its molecular kinetic expression, we get the 


formule (52,11) in the form 
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a el if ieee eae (52,13) 


where ¢ is the apeed of sound in the combustion zone, and ¢18 a Gimension= 
less factor smaller than unity. 

A very inportant conclusion follows from formula (52,15): the rato of 
flane diffusion during canbustion is always many times smaller than the 
speed of sound, This ia because the rate of energy transfer in a gas by 

* thernal conductivity is small compared to ‘the rate of diffusion of elastic 


vibrations. 


onbustion. These authors 
constructed their theory starting from calculations on the reletion betwacu 
the rate of chanical reactions and the tenperature and the concentration of 
reacting substances. : 

The concentration of reactents at the flame front will change as a result 
of the chemical reaction and of diffusion. To calculate the rate of diffusion 
in thermal dissenination of « flane, it is necessary to find the connection 
between the temperature and the concentration of reactants in the flame zone. 
This connection oan be defined by a simultaneous discussion of the equations 
for thermal. conductivity and diffusion applied to stationary diffusion of a 
flame. , 

With the assumption that the coefficients of thermal conductivity and 


diffusion are independent of temperature these equations take the form 


& 
paa— age tS f(Ze FT =O (52,14) 


._ 8 
(thermal conductivity equation). Here Qf(u)Ze BT = F(T) 18 the 
. . £ 
volume rate of heat evolution, = f(n)Za_ FF is the rate of chemical. 
reaction, and ‘His the coefficient of tenperature conductivity. | 
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ay 
D an 


vtt—2 pq zo" lt x0 (52,25) 
‘(diffusion equation) where D 4s the diffusion coefficient and 2 is the 
‘concentration of reactants, The boundary conditions for thease ecustions 
aret atxm+too, T=Tr and namQ, and etim—O, Tm, andaml,. 
From the kinetic theory of gases it is known that, if the molecular 
of the reactants and products are closely einiler, the coefficient of 
temperature conductivity is close in value to ‘the coeszicleat of disfusion. 
If the difference between these parameters is neglected equn.0n3 (52,24) 
and (52,15) are the seme. A ainple transformation makes this clear. Tor 
this wa introduce into ‘equation (52,14) the identity 
dae 7,—T, (52,16) 


Then equation (52,14) takes the form 


ora bes ze, “TR 0. (52,17) 


—~ Pox 
Thé boundary conditions are: at +=—00,° eat. — To; at eet 8 > 
@=0, 


If equation (52,15) is multiplied by —2& it takes the-forn 


B 
Q a QO 4 Q - ed 
DS eS BEL ze FFM. (59,38) 


Introducing the new trensfornation mints inte equation (52,18) we obtein 


DE u B42 7-20 FH m0, (52,28) 
“With D=p this i identical sith (52,17). 
Tae boumdrry conditions for equation (52,19) are: at.x=—oo, 
aed; atx=+co, A=0, 
Assuming that c = Const., we get 2=7,- T, and the boundary 
conditions 1f equation (52,19) coinoide exactly with those of equation (52,17) 


end consequently 
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“\==d, (52,20) 


or, . 
- Qn (7. — Ty) a=T,— 7, 


whence ™,—T (52, 21) 


‘ oak 


This equation immediately gives the concentration of the reactants at 
@ ppint where the temperature is 7, ‘The contents of formula (52,21) can 
be formulated as the concentration and temperature fields in the flame zone. | 
It is fulfilled when the rate of the chemical reaction depends only on the 
Concentration of substances which ere related to one another by a single 
stoichiometric ratio, and op the temperature. . 

Having established the connection between the reaction concentration 
and the tenperatura, we can in Auture limit our discussion to 2 single 
differential equation, e.g., the thermal conductivity equation. 

We shall write the gmeral thermal conductivity equation in the 


following forn: 


Cpe Se cpp Smee EEE (T), (52, 22) 
vbere F is the volume rate of heat evolution. 

Using the relation between the reactant concentration and the temperature 
according to (52,21), one can put the rate of chemical reaction (Arrnenius! 
Law), and consequently the parameter F, as functions of a single temperature. 

dn intensive chenical reaction occurs in a narrow chemical rence, 

0=7,—T7, , as shom in Fig, 126, ‘The heat evolved by the reaction is 
used in heating the reacting mixture itself and in heating fresh mixture 


fron To ta Tae 
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iv aT © dey. . 
The term Cp br pull is the expendcityre at neat 


in. raising the temperature of the reaction mixture. 


The tern — Ae is the loss of neat by thoracl wxdcetivity. 


Because the tenperature interval in waich the reaction goos 1s narsow 
(OCT = 7) we can justifiably neglect the use of heat in heating the 


reacting mixture in the reaction zone; oquation (52,22) then tukes tha form 


nGat F(T) —=0, (52,23) 


The thermal conductivity in the reaction zone can be counted as . 


yeactically constant. ' 
The solution of this equation has the form 


ary 7 (52, 24) 
rm qf Pinar. 


“If we neglect the use of heut in heating the reacting mixture itself, 
then a1 the heat of reaction 1s dissipated by thermal conductivity. 
Equeting this heat loss from the reaction zone with the tote heat 
evolved in the flame in unit time, we have 


ud, (52,25) 


where Q is the wilume calorific capacity of th mixture, and -up is the 
mass velocity of the flame. 
Comparing equations (52,24) and (52,25) wa ev. as the final equation 
for the flamé velocity: 
. T; 
wa tt/ on f Fryar. (52,26) 
ty , 


. Cadovnikov compared the rates of combustion of explosive mixtures of 
carton monoxide and air diluted with combustion products. The dilute 
nixture was heated beforehand so that the temperature of combustion would 
not differ from that of an undiluted mixture. This experiment confirned 


with satisfactory precision the relation obtained from the theory, upQ= const. 
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The parameter F(T) in equazion (52,26) can be expressed in tho f2x 


n 


F(T)= Quaze™ #, (52,27) 


where n is the relative concentration of tae reactant, asd mis the ordox 
of the reaction, 
If in (52,27) 2 is expressed in terns of the temporaturo as ia (52,21) 
EB 7,—T 
end ,"#F is resolved into a series of degree —y— , and we take 
dinto account only first order terns (this is’ justifiable because the reaction 


rate is only large enough with 7 close to 7,), taea we obtain 


F(T) =Q(7#=7,)" ze 


Mecing some further complications and taking account of the fact that 


“gate : 


at the lower integration limit the reaction rate becomes negligibly snall, 


we get after integration of (52,26) 
| 


w= HB _2att -_ Nperal : 
tne! by Pot, emi’ (52,28) 


Where Oar = (7,— Ty) % o° ds the cooffictent of thermal 
. e 


conductivity st teuperature 7,, ‘1,18 the characteristic time of the reaction 
at temperature 7, end the initdeal concentration of reaction products 
{reciprocal of the meximum rate of reaction). 
Since the rate of reaction is 7 
($y atze 
where ™ 4s the concentration of reactants in g/cu”, then 


ere (52,29) 


In deducing the above result wo started from the. condition that the 
rate of reaction at the initial’ tanperature 7, was negligibly small. When 


this condition is mot obygerved a stationary diffusion of the flame would 


so 


become quite impossible, because at any point the mixture would have 
reacted before the © ‘oe front arrived. The above conditions, weics 
erise froa tae Arrhenius law, can “s quantitatively formulated thuss- 


. Bm aps (Te — To) > 


Substituting valuos of 6 and % in equation (52,28) und taking into 


account that ep(Tr— Ty) =Q - (waen c, = const.), we obtain the 


correspondiag equations for the rate of flane GSiusion: 


. —— 
um] stray (EF! : 


for first order reactions, and for second. order roactdons © 


-—$—————— 
ual 4gthh Ze (Sz) (52,21) 
Yo WO TET 


Belyaev's experiments on the combustion of methyl nitrate and nitro- 
glycol (in the vapour phase) confinn the results of this theory well. | 

The important relation between the flame valocity and the tenperature 
according to (52,30) and (52,31) is conected with drrhenius law of chemical 


reaction rates, woich states that, to a first approximation 
-* 
awe mt, (52,32) 


Consequently there chould be a linear relation between Igu and * 


The results of working up the data of Passauer and Sadovnikov (onCO/air 
mixtures) are shown in Fig. 127. They are in complete agreement with this 
requirement of the. theory. 

the relation between the rate of flama diffusion and the pressure with 
other conditions constant is determined by the charactorlstic relation of 


tho chazical reaction rate and the pressure. 
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Because 


F(T) ~ We p™, 


then, according to (52,26) 


yew pi _ Fig.l127, Relation betwen 
ma P (52533) the rate of coxbustioa and 
the temperature. 
‘where Wis the rato of the chanicel reaction, pis the pressure of the 
gascous mixtire, aad m is %.e order of the chenical reaction. 

Thus, for a unimolecular reaction winYp- vwherves for a 
bimolecular reaction pump . 

Because the density of a gaseous mixture is proporiional to the pressure, 
. we get for a linear rate of combustion 


ri 


LY 


u~pe', (52, 34) 
~ vaien requires that uw should be independent of pressura for a bimolecular 
reaction, and that une ‘for o usinolecular reaction, i . 
Ubbelohde and Kelliker's observation that the rate of flems di ffusiou 
in mixtures of different inflammable gases (petrol, banazcie, inotharie) was 
related to the pressure at orders betwveoa p- and p? , corresponded to 


chenicel conbustlon reactions of order batween first and second. 


A, __ Combustion % Condensed Exmlosiyes. 

When explosion of a hign explosive or detonator is brought about by 
a thorual impulse the formatiol. of a detonation wave is always preceded 
by a more or less prolonged period of accelerating combustion. Transition 
from combustion into the detonation type of explosion only occurs in . 
favourable conditions even in the case of non-stationary processes. 

Tha combustion of detonatorg is usually very unstable and is easily 
trensformed into detonation. On the other hand combustion of powders 
procoeds in a vory stable manner end transition to detonation appears to bo 


possible only under special clroumstences whisk selccia ccour fu poectibeu, 


fr 


High explosives occupy an intermediate position between detonators and 
powders in “their ability to undergo norsal combustion. 

Tne combustion of high explosives and cotonators has boon studied 
dnsufficlestly. It has been invosvi gated principal?y at low ané constans 
prossuras, close to atuospheric. It has becn established that xost of 
the explosives studied cau undergo staole comsustion at a constent rate in 
the doAined conditions, and the rate waa indceperdens of the loeagth of tha 
charge. - 

Andreev observed that combustion of the exglosives under discussion 
usually o¢eurred with very weak luninesconce in a gas layer which lsy close 
to the surface of the condausec phase. Then what he called the combustion 
flame was a result of the combustion of hot reaction products in contect 
wlth the air. ) 

The following factors cen have a consideradle effect on the character 
and rate of diffusion of tae coabustion processes: the properties of the 
explosive, the prossure, the initial teaperature, the density of the charge, 
the dlameter of the charge, the thiclmess and the kind of casing, 

The possibility of a process and the rate or its diffusion are deter= 
mined first and foremost by the kinoties of the chenical reaction, 1.6., 
by the rate of heat evolution and tho rate of heat transmission from the 
reaction zone into the starting material, Tne condition of heat transe- 
mission with a given reaction Iclnetics depends on the thermal conductivity 
of tue explosive, 

Tnat lead azide only undergoes a detonation tupa of explosion, no 
matter what the conditions, can be explained by kinetle factors, The high 
rate of the cheaicel reaction in the conversion aa a result o- exceptionally 


rapid acceleration leads to diffusion processes by heat transmission betzgz 


—=o 
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Qu thencontrar,, if the rate of = chumicol veacvlon ia giv 
experimental conditions is small, toca tho loss of heat da co BEeGiOnce 
of heat diffusion to se surse wissa would not be | yeasatwa Ly the 
source of heat, the pro cess woud Vs whstonie ond anus ilon would ecasc, 

However, if the thermal conductivity of tha oxzplosiva is high, Urcx 
the heat of reaction may wenotrate ints u.c wnreacted substance to a great 
depth, end consequently the temperature la tie cénversicn zone would ve 
insufficient to stimulate an intense chemical reaction cepable of sustsining 
a eel f-di fusing process. 

The specific peculiarity of the combustion of hizh explosives and 
detonators is the possibility of physico-cherical processes occurring 
simyltaneously in tae condensed and gaseous phases. In a very volatile 
substance combustion may occur exceptionslly in the gas phase when its 
boiling or sublimation tenperatire is lower than the tomperature at waich 
the chenical reaction proceeds at a notable rate in the condensed phase, 

Ja this case the general character of the combustion will he deter- 
mined by two factora - the process of evaporation of the condensed phage - 
end the conditions of development of the caoemical reaction in the vapour; 
heat from the flame zane will pass tothe condensed phase through a Layer 
cf hot, but not yet reacted, explosive vapour just us in gaseous mixtures. 
This type of coiabustion is characterietic for low boiling liquid explosives. 
The combustions of uetryl nitrate und nitroglycol at comparatively low 
pressures are typical examples. 

For non-volatile end poorly valatile substances, desending on its 
mechanisu, the chemical reaction may occur elther only in the condensed 
phase, or simultaneously in the condensed, smoke~gas, and gas phases. 

In the first case reaction leads almost cirectly to final combustion 
products, but in the second oase combustion 1a a very complex process in 


which intermediats reactions are of definite importance. This type of 


454 


a 


rouction 1s the nost frequent in practice. Typical exenples ere tne 
combustion of pyroxylin and 

Pressure has the most important offect on the rate of conbusticn 
of exclosives. AS a mule the rete of oombustion ‘nereases with pressure 
and at a sufficiently high prossure burning be~cmes wnetable and chenzes 
into detonation. 

Mercury fulninate is the mont satisfactorily stucied of detonators. 
Patri, wo stucied the canbusticn of non-pressed uercury fulminete in the 
open air, established that the process diffuced at & rate of severul tis 
of metres per second, that it was wnstuble and changed into a dotonutios. 
‘This is explained mainly by the easy diffusion of hot reaction products © 
into the pores of the substence, thus continuously iucressing the 
combustion surface, 

A aystenatic investigation by Belysev showed that mercury fubaanit. | 
which had been pressed into tablets (¢ = 4 an; 4 = 7 um) 6% & pressure 6. 
about 2000 K¢/on® without cases, was able. © uddergo stationary combustion 
at atmospheric pressure at a rave of o.ly bon | 5 cu/seo. Analo cous 
data were obtained for sone other detor..to  § SBelya:v's results aro 


cited in Table &. 
TABLE 81 


Rate_of combustion of some detonating explosives at atmospheric pressure 


d i 
Density, 
g/cm 


Linear velocity 
BEC. 


Name of explosive 


Meroury fulminate 3.80 1.55 


Trinitrotriazidobenzene 1.70 0.65 ' 
Diazodinitrophenol 1.45 2.15 | 
Potassium picrate 1.83 1.50 
Lead styphnate exploded _ | 

| 


| Lead styphnate + tale( 0/60) - — 14.50 
Seca ena ee | 
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Tt was concluded, from observations on the combustion of detonators 
at wartbus pressures below atmospheric, that the rate of combustion over a 
wide rmge changes almost linearly with pressure. 

u=a+bp. (53,2) 

Tals clreumstence is evidence of the inportant part played by 
combustion in the gas phase. - If the rate of reaction in the gas phase 
depends on the number of collisions, thm the rate of combustion should 
rkse linearly with the pressure. 

Results of experiments with mercury fulminate and trinitrotriaridobensene 
are given in Table 8&2, 


Meroury fulainate 


Trinitrotriasidobeasene 


Pama ‘8 @'ea0 


It ie seen from these data that when the pressure 19 decreased to 
atout « tenth the rate of combustion of mercury fulminate is decreseed 
t about a third. With a pressure of 100 ms. or less the rate of 
combustion 18 practically independat of pressure, A sinilar pattern 
is observed for trinitrotriasidobensene, 

On the besiea of these md othor observations Belyse?y soaslsts3 that 
reactiona ip the comlensed phase played an importent part in the 
cosbustion of detonators and especially of mercury fulainate. The 
intermediate products of mercury fulminate formed as the result of 
primary reactions react even at comparatively low temperatures ic the — 


gas phase; these reactions hava a determining (ufinance on the pote of 
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reaction at pressures close to atmospheric. At low pressures, 
consideratly lower than atmospheric, the initial reaction in the condensed 
phase plays a determining role. This is confirmed by the fact that the 
rate of combustion 16 practically independent of pressure under these 
condi tions. However, the initial reaction in the condemsed phase causes 
the decomposition of only part of the mercury fulminate (10 to 20%); the 
rest wilatilises wndecesposed. 

A characteristic feature of typical detonators ie their ability to 
burn im a stable manner at very low pressures. Norwal combustion of 
trini trotrlesidobensene is not disturbed even at pressures below 10 ma. 
Murauer end Schumacher observed a stable suto-diffueion reaction in 

" compressed mercury fulminate in high vacnm (p:= 0.003 mm. Hg.) 

Systematic expserizents on the combustion of high smlosivey at various 
preseures, from 2 Ke/on.* dowmwards, were carried out by Andreev. He 
observed that the relation between the rate of combustion and the pressure 
was the seme for most of the substances as for detonators. The results 


of swome of these experiments are given in Table 83, 


Methyl nitrete | 0.008 + 0.102 p 
0.003 + 0.025 p 
0.009 + 0.05 p 
0.011 + 0.034 F 


Nitreglyool 


Hexsogen 
Tetryl 
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In all these experiments combustion of the explosive was carried 
out in a glase tube (i~4—6 mm) which was placed under the bell of a 
vacuum pump. 

On the bagie of these data it can be concluded high explosives | 
considerably more slowly then detpnators. The parazeter *) 19 considerably 
larger for tha latter than for the former. Thus, according te Belyaer, 
a= 0.4 and 621.1 Sr aeroury fulainate. Thies meme that the 
acceleration of conustion wider the influence of process proceeds con- 
siderably more alowly in high explosives then in detonatore, because the 
former are capable of undergoing etable coabustion (in the absenees of 
factore cmaing increased acceleration) at relatively high pressures. 

In post cases when the pressure is decreased below some minisun value 
normal conlustion of explosives becomes impossible and the process ceases. 
‘The liniting pressure depends principally on the physico-chemical 
properties of the explosive ad the mechanics of the chemical reaction in. 
the conbustion sone. According to Andreev!s date this pressure is 
250-400 am. Hg. for nitroglyeol, GOO mm. Bg. for heksogen, about 400 ma.Bg. 
for pyroxylin Bo.1, sd lcee than 24 an. Bg. for nitroglycerine. 

The occurrence of a lower pressure liait for condensed explosives is 
evidence for the especially important role of reactione in the gas phase 
in the combustion of these substances. On decreasing the pressure the 
reaction rate ad the rate of heat evolution in the ges phase decreass 
correspondingly, but the rate of heat lose in the condensed phase is 
practically independant of the pressure ad remaine constant. Ata 
definite wreamma thia om lead  distirbense of the thermal? 


equiileriun smi cessation oc tas resoticn. 
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If in the mechanias of combustion of an explosive under spect fied 
conditions, a reaction occurring in the condensed phase becomes of pejor 
inportenoe, the the possibility of stable combustion on decreasing the 
pressure arises. A mmali value of thy limiting pressure can indicate 
that a condensed phas roaction is controlling the self-diffusion procese 
in the conditions given. The independence of the rate of combustion of 
mercury fulainete and pressure at ./< 100 am. Hg. and its ability to 
burn in high vacun are in agreement vith Belyaer's ideas on the com 
wustion of this substance in the conditions discussed. 

Bau hae established for « whole series of solid explosive mixtures 
that their relative alility to undergo stable combustion at low pressures 
end strictly comparable conditdens depends on the ratio butween the solid 
and gaseous reaction products. If the reacticn products at the combustion 
temperature are completely solid or liquid, thm the rate of combustion is 
completely independent of presaure.  Systens which sre capable of this 
type of commustion are called gasless compositions, The expression for 
the rate of combustion of such mixtures takes a particularly simple form 

= a am const. 

Thus the term a in the equation umat b 
of the reaction controlling heat tranenioat, and which ocoure in the solid 
phese, whereas the coefficient: b depends 0 the conditions for a process 
occurring in the gas phese, : 

The results of Andreev's studies showed that coabustion of condensed 
exploaives at high pressures goes in different ways depending on the 
physical state of the explosive. Explosives cen be divided into three 


gmmime far Mannasian of this moist, es 7 imporeus eaphosd - 


———— ee we 


(powdered ond pressed exploaives), end liquid explosive systens. 
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Beaides the nitrocellulose powers, blasting gelatine, gelatine 
dynamite and some other explosives are representative of the first 
clasa of explosives. ‘he ability of these explosives to undergo stable 
combustion at high pressures is expressed most strongly. Thus, blasting 
gelatine does not lose ite ability t burn normally in s closed systen 
even at pressures of 1200 Kg/an, 

Typical representatives of the second group are the high explosive 
powlers. According to Andreev's data, the limit of stahle combustion 
for ten and heksogen 1a a pressure of about 25 Kg/m’, end for trotyl 
and pieric acid a pressure of alout 65 Kg/on*. 

However, these exploaives in a compressed state are able to burn 
stakly in a aiosed tube at considerably higher pressures; for exazple, 
ten, at a density of 1.65 2/em*, burne normally even at 210 Kg/an*. 

Cast explosives behave in thie manner when sufficiently compressed. 

These facts cen be explained thus: in powlered explosives at high 
pressures the burning gases cm comparatively easily enter the pores 
between particles of exploaive md ignite them. Consequently the surface 
of combustion increases sharply and a stationary process becomes impossible. 
The perosity of the exploaive is decreased by increasing its density and 
thie makes more difficult the mtry of the flame deep into the substance. 

The cheracter of the combustion of liquid explosives in relation to 
the pressure i somewhat differmt from that of aclid explosives. when 
nitroglycerine is ignited at atmospheric pressury 1t does not burn but 
flashes. When ignited in a sealed tube it detenates at a pressure of 
about 65 Ke/om”. 

accoraing to Andreev's data, relatively uniform combustion of nitro- 
glycerine only ococurs at pressures below 20 Ke/en*, At higher pressures 


the charantar of tha combustion choages Gusiseramiy. The surface of tie 
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liquid is disturbed and the whole process ‘cccurs as a series of 
consecutive flashes. Theoretical and experinental investigations 
have showm thut the disaturbence of stable combustion in liquid and 
solid explosives is a remult of an increase in the combustion surface. 
In the present case this occurs by boiling of the surface layer of 
liquid (Zel'dovich) or by disturbance of ite gasodynamic stability 
(Lendan) owing to the turbulence of the surface. Increased viscosity 
prevents the eppearmcs of these phenomena. 

On the basis of the results discussed, it is possible to conclude 
that the disturbance of stable combustion in condensed explosives 
depends not only on the accelsration of the process as & direct result 
of the riging pressure (this acceleration 1s anall) but also on the 
cause which, at a certain pressure, produces 6 disturbance of the flame 
front and of the combustion curface. 

For almost all the explosives studied the linesr rats of combustion 
4e decreased as the density (of the explomve) increases, This is shown 
for exmple in Andreev's data aited in Table 84, 


Rate of cosbustion, an/ais . 


Petey] (Tusi4, dia, af the tube 24 an) 
0.65 i Bees met burs 


The effect of denaity on the rate of combustion ia evidence of 
the importance of changes in porosity of the substance. Density 
affects not only the rate of contustion but also whether it can 
occur at all, 

The data in Table 84 show that the combustion of tetryl and 
hekeogen ceases if the density ia reduced below a certain level. 
Andreev explained this as a result of an increased rate of heat lose 
in the condensed phase caused by the ease with which the molten 
substance could penetrate between the particles of exploaive. . The 
limiting density depends on the experimental conditions (tube dianeter, 
oryetal size). The density limit for stable combustion ie somewhat 
reduced by an increase in tube diameter and in the state of division 
of the explosive.: 

Pyroxylin, which haa a cellulose-like structure, behaves quite 
differently from tetry] md hekeogen. It burns energetically ancugh 
even at poured density, but it ahows an upper dengity limit ahove which 
combistion does not diffuse (Table 85). 


— 
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A satisfactory explanation for this peculiar phenomena has not 
yet been found, 

For condensed explosives, just as for gaseous mixtures, there is 
a critical diameter below which combustion will not spread in the 
conditions of the exeriment. Critical diameters at atmospheric 


pressure are show in Table 86. 


Cast MIT 

Cast Tetryl 
Heksogen 
Pyroxylin No.1 
Nitroglycal 


The critical diameter for an explosive is not constant, It changes 
conmiderably, varying with the density of the explosive, the material 
end thickness of the caging, and certain other factors. 

The critical diemster depends on the heat loss, However, the 
eonditiona of heat output can differ conaiderably depending on whether 
the reaction occurs only in the gas phase or in both gas and condensed 
phases. In the latter case the combustion process would be accompanied 
by conaiderable heating of the condensed phase and the heat loss wuld 
inorease sharply. 

The lisiting diameter also depends on the rate of combustion. 

The greater the rate of combustion the smaller will be the heat outflow 
and the oritical diaueter in otherwise idetinal conditions. INT haa 
its maximum limiting diemeter at ite lowest rate of combustion (~ 1 cm/min). 
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For volatile substances, in wich the reaction oceurs completely in tne 
gaseous phase, the surface layer only of the condensed phase is heated 
to the boiling point and the heat loss consequent upon heat conduction 
in the condesed phase will be small. For this reason the liniting 
diameter of a nitroglycol charge 1s amall even at low rates of 
conbustion (~ 2 cn/min,). 

The rate of combustion of explosives is increased relutively 
Slightly by an increuse in the initial temperature. The rate of 
combustion af a series af explosives studied by Andreev was not more 


than doubled by increasing tne initial tenperature by 100°. The 


results of some experiments are cited in Tahle &7. 


TABLE 87 


of on of losives 
atgosshoric pressure 


Experimental 
condi tiona. 


“enperature coeff, 
of combustion rate 


(“) 


Nitroglycol 
Gelignite 
Tetryl 
Hek Sogen 


Nitroglycerine powder 
containing 284 nitre- 
glycerine. 


Similar resulta were obtained by Balyaev in experiments on the 


combustion of mercury fulminate. On changing the temperature from 16 

° 
to 105° the rate of combustion of mercury fulminate increased 1.52 tines. 
The data obtained permit one to conclude that the regligible acceleration 


of combustion with increasing temperature is a phenomenon which is general 


for high explosives and for detonators. sy 
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A study of the combustion of INT and nitroglyer” +; temperatures 
close to the flash temperatures showed that in these conditions the 
acceleration of the process does not become large, as can be seen from 


the data cited in Tables 88 and 89. 


' TABLE 88 
Effect of temperature on the rate of combustion of nitroglycol at 
atmospheric pressure 
Initiad ations rate of 


tem; erature, ss/sec 


20 pon 
ine) uit 
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From Table 68 it is seen that when the initlel temperature was 
increased from 20 to 180°, i.e., almoet to the flash temperature, the 
rate of combustion of nitroglycol increases approainately twice. 

On the basis of his observations Belyaev concluded thet at atmos— 
pheric pressure a temperature of 185° 1e limiting for normal combustion 
of nitreglyool in parallel layers. 

TABLE 85 


Effect of initial Sanperatuireon i rate of combustion of TNT Tat 
atmospheric pressure (internal diameter of the ti 


Initial | Mase rate of ] 
temperature, - combuation , Remarks 

*c ce mig _. | 
hie ! Ide | 

Ms . Ls 

TT) i Lia | 

win ' 2 Combustion with 

pulsation 
| 260 | N7 ditte 
200 6 ditto 
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The combustion of INT, which is initially even, becomes pulsating 
at tenperatures of abour 29 - 260° and 18 accompanied by spitting of 
the hot melt. This is we cause of the more rapid rate of growth of 
conbustion under these condi tions. 

As wil be show below, it follows fram the theory of combustion 
of condensed explosives that one wuld expect a linear relation between 
the logarithm of the rate of combustion and the reciprocal of the 
absolute temperature for condensed explosives (and also for gaseous 
systens). 

‘The results from Andreey's end Belyaev's experimentel data show that 
this requirement of the theory (in a stationary process) is in fact 
fulfilled and has a general character, 

The Belyacv-Ze)'dovich theory of tha combustion of condensed explosives. 

It is necessary to start from physical premises and the basic laws 
esatatlished in the theory of thermal diffusion of flames in gas to discuss 
the combuetion processes in general and the combustion of condensed 
explosives in particular. However, 1¢ is also necessary to take into 
account those specific peculiarities which pre linked with the mechanian 
of thelr conbuution. 

A number of authors (Letan, Shveikert, Yanaga, Kraw and Grimshaw, 
and others) have constructed theories of combustion on the premise that 
the chemical reaction proceeds only in the condensed phase. They started 
from the erroneous supposition that activation of the molecules and the 
tranefer of energy in the combustion process occurs by bombardment of the 
eurface layer of the exploaive by the gaseous reaction products, 

In 1938 Belyaev put forward a new theory of combustion for condensed 
explosives in which the basic role in energy transfer was played bf 
thermal conductivity, and the kinetics of the chemical reaction were 
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teken into account. It differed from the theories diecussed in tnat 
it assumed that the combustion of explosives took plac: in the ges phase, 
not the condensed phase, 

Acco rding to Belyaev the energy at the surface of a volatile 
explosive would ba used in evaporating the substance. According to 
Belyaev's calculation the probability of a molecule of nitroglycol at 
200° having sufficient energy to evaporate is 10? times as great as the 
possibility of it having sufficient energy for activation. 


In fact the probabilities of these processes are respectively: 


where X is the heat of evaporation and E is the energy of activation, 
For nitroglycol 4% = 14500 cal/mole and E = 35000 cal/mole. 

Thus the rate of evaporation should considerably excec i the rate of 
combustion and combustion can occur only in the gaseous phase. The heat 
set free in mabustion wuld be used in heating the gases and in 
evaporating a new portion of the condensed phase. n increase in the 
rate of combustion and, consequently, an increase in the passage of heat 
to the condensed phase should lead to an automatic increase in the rute 
of evaporation, and this, by absorbing the energy from the combustion 
mnhe, would prevent reaction occurring in the condensed phase. Because 
of evaporation the surface of the explosive would be constantly changing, 
but the temperature of he murface of the condensed phase would remain at 
a coonstent value equal to the toiling point. 

The exploaive vapour ghould not ignite at once; some tise should 
“Lanse while the gas is heated end the rezctlon spreads; consequently, 
combustion of the vapour would occur at some distance from the condensed 
phase, md thetween the combustion region atid the condensed phase there 
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would be a zone of gas awaiting combustion.  Sulyaev confirmed tus 
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existence of such a zone (dark, non-luminoug) 


experimentally in the case of nitroplycol. 


Thus we are led to the general dugram of 


combustion of explosives show; in Fig. 126, Fig. 128.” Tempereture 


diztributicn in a burning 
explosive: 

Here / ip the region of the condensed zone, ‘/ is the regicn of pas 
aweiting combustion, and /// is the region of hot reaction products, The 
curve 7,—7,—7/, shows the temperature distributicn. 7, is the initial 
tecperature of the explosive, 7, is the temperature at which the vapour 
pressure of the explosive 1s equal to the external pressure, i.e. for 
liquids, the boiling point, and /, is the temperature of combustion. 

It is clear than, when a stationary combustion gysten ia established, 
the quantity of substance evaporating from 1 cm.” of surface in 1 sec. 
should be equal to the amount of substance burning in 1 cm. ? in 1 see; 
in other wrds, the mass rate of comtstion should equal the mays rate of 
evaporation of the condensed phase. 

Zel'dovich showed that the theory of combustion of gaseous mixtures 
developed by Frenk-Kamenetskii and himself could, with aome modification, 
be spplied to some cases of interest to us. On going from the combustion 
of gaseous mixtures to the combustion of explosive vupoure it is only 
necessary to take into account the anergy used in evaporating the condensed 
phase. According to Zel'dovich, the mass rate of diffusion «uf combuetion in 


explosive vapours is defined by the following expresaion: 


an at (7) (Tr — Ty)” (mt + 1)1 (7) 8/ see. om, (53,2) 


where 7, 1s the coefficient of thermal conductivity of the vapour at the 


combustion temperature, 7; ds the conbustion temperature, 7, 14 tha initial 
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temperature, Wi7,) 1s the rate of reaction at tenperature /,, & ie the 
activation energy, (, is the heat of reaction minus the heat of eveporation, 
end “is the order of the reacticn.: 

In the perticuler case when the reuction is unimolecular, equation (53,2) 


can be put in the following form: 


———— 
ATi, Vf sere 

than see 
& Q(%e = Ta) 


where 9» 1s the vapour density at temperature 7... 
From equation (53,2) 1t follows that the relation between the rate of 
combustion arid the pressure is, in. this case, of the sane form as for 


gaseous mixtures; ucip?. 


Since, according to the experimental study, the rate of combustion of 
nitroglycol depends linearly on the pressure, 7! = 2, 1.6., the reaction 
which determines the rate of combustion of this substance is bimolecular. 

The direct application of equation (53,2) to the calculation of rates 
of combustion is very difficult because the values ofm, £& and 7, are 
unknown for most explosives. However, if equation glves the correct. 
connection between the basic kinetic constants and the rate of combustion, 
them the reverse problen can be solved — from the rate of combustion and 
its dependence on pressure the kinetic constants can be calculated, Bealyaev 
carried out this type of calculation for nitroglycol; the calculated 
activation energy £=: 31,000 cal/mole obtained by Apin from experimenta on 
the thermal decamposition of nitroglywl. According to Belyaev, this 
confirme the correctness of his theory. 

According tu Belyaev combustion in the gas phase is only possible if 
the pressure does not exceed a certain critical value. As the pressure 
inereases s0 does the boiling point, and consequently the temperature of 


the surface layer of the condaised phase. AS a result, the "tail" of the 
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curwe 7,—7, wlll reach further inside the substance. This increase in 


temperature may be very considerable. For nitroglycol t is 190°C at 


k 
atmospheric pressure and 400°C at 100 atmospheres. At the same time the 
relation between the rate of evaporation and the rate of combustion changes 
considerably. At a sufficiently high pressure the heat liberated in the 
reaction wuld be only partly used in evaporation and combustion would occur 
in the comdmsed phase. However, in Belyaev's opinion such a combustion 
regime wuld not be stable and should chamge over to detonation almost 
instantaneously because of the direct bombardmant of the unreacted molecules 
of the condensed phase by the gaseous products.of explosive decomposition. 
It will be recalled that in the normal process of diffusion of combustion 
it is thought that the transfer of energy from the reaction zone to the 
atarting material isa by thermal conductivity, 

Belyaev conaidered that the combustion mechaniam described above was 
characteriatic for most condensed explosives. If the boiling point is 
lower than the temperature at which intenealve reaction ocoura, and the heat 
of vaporisation ia considerably lees than the energy of activation, then 
combustion wlll occur in the gee phase. If the boiling point is considerably 
higher than the temperature at wiich intense decomposition begins, and the 
heat of vaporisation is close t the emergy of activation, then decomposition 
wi11 oceur in the condensed phase. However, as a result of the initial , 
reaction only waporisation of the original substance and formation of hot 
products occurs. The further reaction of these products in the gaa phase 
totally determines the rate of combustion. | 

Thea toiling points and the heat of vaporisation of some explosives are 
given in Table 90 (efter Balyaev). 
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Boilin Heat of vaporisation 
Explosive point ~C. i, cal/mole. 


Methyl nitrate 
Nitrogiycol 
Nitroglycerine 
INT 
Picrio acid 

TEX 
Hekaogen 
Tetril 
Trini tzobensene 
Trini troxyleme 


The Belyaev-Zal'dovich theory is based on correct physical ideas. 
However, the theory schesatizes excessively the process of combustion in 
condensed explosives and descri bea only the simplest case. This is 
characterised by the fact that the basic reaction (which determines the 
vate of reaction) occurs in the gas phase, and the mechaniam and thermal 
effects of the reaction d not change with changing pressure. 

Rewaits of experimental studies have shown that, in most cases, the 
combustion of high explosives is much more complex and is accompanied by 
reactions in the condensed phase which contribute a considerahle proportion 
of te heat of reaction. Moreover both the course of the reaction and the 
final reaction products do not remain constant in combustion conditions, 
and they chenge -onaiderably with the pressure. At atmospheric pressura 


the decompoaition of explosives is not complete and the nitrogen of the 
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explosive separates as nitric oxice, whereas at higher pressures (of the 


order of teng of atmospheres) no nitric o:dde is observed. 


54. COMBUSTION OF POWDERS 
Normal combustion of high explosives and detonators is possible only 
under well-defined conditions, whereas for proj ectile oxplosives (powders) 
this type of explosive conversion is typical. The characteristic stable 
combustion of powders results from their ability to burn in perellel 
concentric layers even at high temperatures - 5000 - 6000 Ke/en® in 
extreme cases, 
The following three phases are normally distinguished in the combustion 
of explosives: 
(1) ignition or localised origin of a salf-diffusing reaction; 
(2) inflammation or spread of the original process in the surface 
of the cubstance; 
(3) proper combustion or diffuaion of the reaction in the bulk of 
the substance. | 
Such a division of the process into three phases is in general 
conditional because they do not differ from one another in principle. 
However, it must be remembered that these processes occur at different 
rates in the conditiona for the practical use cf powders. 
Ignition is the initial decomposition of the powder. This usually 
occurs a8 a result of local heating. It is the first stage of ignition. 
The rate of inflammation of # powder depends on the nature of the 
power, the state of its murface, end especially strongly on the pressure. 
The smokiness of a powder depende in the first place on its ability to burn. 
The rate of ignition under otherwise equal conditions increases wita 
increasing specific surface of the power, According to this principle 


@ powder with a rough porous surface as a rule ignites more easily than 
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a powder with a smooth surface. 
‘Toe rate of ignition increases considerably with increasing pressure. 
This 18 because the increased pressure hinders the removal cf the hot 
gaseous combustion products from the surface of the powder. Analogous 
data was alao obtained for gelatinous nitroglycerine. According to the 
data of Levkovich and Arsh the rate of combustion of nitrocellulose 
powders in the opm air fluctuates within the limits 20-40 cm/sec. When 
large quantities of powder are burned the rate of spread of the flame 
over the surface may reach several metres per second. When powders are 
burned jn air the rate of spread over the surface is considerably greater 
than the rate of combustion. If a vertically suspended powder charge is 
ignited at ite upper md, then in a certain time 
the surface of combustion of the charge will 
teke the shape of a right-angled one (Fig.129) 
because of the difference between the rates of 


ignition and combustion. The ratio between A! 
these rates cen be defined in terms of the 
vertical angle of the ccne 
pay (54,2) 
where « is the rate of conbustion and Fig.129. Combustion 


of a powder charge. in air, 
is the rate of igiftion. 


When a charge is burned in an inert atmosphere 
these tw rates are equal and consequently: a 


crater ia formed instead of a cone (Fig. 12). 


Hence it is clear that the great rate of gom- 


bustion in open air is connected with the | 
Fig.l. Combustion : 


of a powder charge in “ combustion of reaction products due to oxygen 
an atmosphere of an : 
inert gas. in the air. 
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Combustion of a powder proceeds at a definite rate normal to the 
surface. Equilibrium apread of the process ia achieved thanks to the 
high density and uniform physical etructure of the powder elensnts. 

Other things being equal, the rate of combustion depends on the 
calorificity of the powler, the initial temperature of the powder elements, 
and the external pressure. 

The rate of combustion increases with increasing calorificity. 
Consequently, for example, the rate of combustion of pyroxylin powder 
increasen with increasing nitrogen content. | 

According to Murauer's investigations, at sufficiently high pressures 
the rate of combustion of nitrocellulose powers chenges in an exponential 
manner with changes in the temperatire. Thia ia because there ia a 
linear relationship between the logarithm of the linear rate of combustion 
and the temperaturs. | 

lgu= A+ BT. (54,2) 

As the dmeity of a powder decreases go its rate of combustion also 
fells. According to Weil's data, the time for camplate saubustion of 
standard cylindrical charges of maoke powier varies with increasing deusity 
of the cdarge as follows (Table 91). 


Charge density, g/cu” 


Time for combustion, seo. 0.00274 0.00392 0.01073 0.03802 0.05269 


It follows from these data that a 17% increase in charge donzity led 
to the rate of combustion being lowered by a factor of more than 19, 

This relationship is explained as follows: when the density is 
increased, the porosity of the powder is decreased, and thus the passage 
of hot reaction praducts into the body of the substance ia hindred. 
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The rate of combustion increases with increasing initial temperature 

of the powder, but the effect of this factor in the case given is not 
_largs. According to Andrsey's data, the ratio between the rates of 
combustion at 100° and 0° for a 26% nitroglycerine powder waa 2.9, 

‘The effect of pregmure. The relation between the rate of combustion of 
powders end the pressure - has been the subject of many investigat ona. 

According to Weil, the relation “=/(p), 18 satisfied by the equation 

n= Ap’, (54,3) 
whers A end » depend on the nature of the powder. 

For amoky powers Weil put’ equal to 0.5.  Aocording to Zabudskoa, 

¥ = 0.93 for pyrozylin powders. 

Baum md Levkovich showed that + was not constant for a particular 
powder, It changed considerably with the presmire, Thus for ignition 
of pine powler in a manometric bomb, + © 0.117, whereas at atmospherics 
pressure * = 30.505. 

Soapiro, from a treatment of other authors! data, ocuaidered that 1 
for moky powler changes with increasing presgure as shown in the table. 

Many euthors believe that a aispler relation 
om be used for the rate of combustion of nitic- 
cellulose m-wierai 

= Ap. . (54,4) 
This 18 a especial case of (54,3) wth » =1. 


Gexct—-koe's oxperiments eatabliahed that the relation (54,4) was 
satisfactorily observed only at high preseuras (about 1000 ataor and above). 
For lower pressures (from 5 to 290 atmos) Giupasw ivuid + © 0.7. Thus 
it oan be seen that vi 4a not constant for nitrocellulose powlera either. 
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Tae coefficient .| in foraula (54,4) is the rate of cowbustion at 
a pressure of 1 Ke/on’. The rate of canbustion of a nitrovellulose 
powler at this pressure cal cul:tud ‘Con (54,4) was 0,07 mm/sec, wherese 
the actually observed rate was approxlnetely elgat times as Lorye. 

Some authors believa that this difference arises because at the surlace 
of the buming powder itselt there is an increased pressure of about 

8 atmos. However, Andreev and Varg by direct experiment showed that 
tha excess pressure ut the powder surfuce did not excvel 5 mm Hg. 

This result also shows that equation (54,4) 1s not .cceptable at 
relatively low pressures. 

According to a number of workers (Graver, Wolff, Murauer) the 
relation between the rate of combustion und tho pressure cun be completely 
expressed by the two-tarmed fonaula: 

tat bp, (54,5) 
vhich was first used by S.P. Vukolov (1891). 

However, more careful experiments showed thut formula (54,5) gives 
sufficiently satisfactory results only at pressures lower than 400 Kg/en’. 

According to Andreev the rate of combustion of nitrocellulose powders 
over a sufficiently wide range of pressures can be described by the 
general foraulat 

“=a vb", (54,6) 
where v takes differezt values for different powders but is generally 
close to unity. 

In conclusion it must be noted that not one of the formulae 
mentioned is able to deseribe the fiinetdon u(p) over a wide pressure 
interval because the mechaniam of combustion and the thermal effects of 
reaction at high pressure are considerably different from those at 


preseures close to atmospheric. Thue experiments showed thut the 
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thermal effect of burning a nitrocellulose powder at pressures below 
40 Ke/en® was only about 53% o « heat of combustion of ths powder 
at P @P Ke/cn", 

Tne sensitivity of different powders to pressure is not uniform, 
Thus anoky powders burn about ten tine as fast as pyroxylin gunpowders 
at atmospheric pressure, whereus the reverse 1s observed at high pressures 
(2500 Kg/em*) : the rate of combustion of pyroxylin powders is considerably 
greater than that of smoky powders. 

By studying tho combustion of various powders at pressures close to 
atmospheric, Baum established thnt as a rule the sensitivity of powders 
to pressure incgreused with increasing iuantity of gaseous reaction 
products. In the dbsence of gaseous reaction producte the rate of 
combustion is .ndependent of the external pressure, 
Mechanisg of combustion of nitmcellulose powderg. The mechanism of 
combustion of nitrocellulose powders remained almost unstudiéd until 
recently. This was a serious obstacle to the development of a complete 
theory of thalr combustion. Zel'dovich attempted to construct such a 
theory based on Belyaev's general ideas on the mechanisn of combustion 
of condensed explosives, which have been discussed above. 

The baalc characteristic of this theory is the assumption thut 
combustion of the powder is preceded by its vuporisation. 

Combustion thua proceeds in the gas phase. If this is eo it 
appeara that the basic principles of the theory of canbustion of gaseous 
mixtures can be applied to the combustion of powders. The chief 
difference between the canbustion of powders and condensed explosives 
4s that evaporation of the condensed phase is changed into gasification, 
which, according to Zel'do ich, is either weakly endothermic or weakly 


exothernio. 
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According to Zel'dovich the basic scheme for the combustion of nitro— 

llulose powders tekes the following form. When heat is applied to the 
vadensed phase the temperature in the surface phase (powder, gas) is raised 
to some temperature 7, at which gasification of the heated layer of powder 
begins. The gaseous products are heated to the temperature at which chemical 
reaction begins by heat flow from the combu-tion zones. This leads to the 
final products of pewder combustion. 7) is practically independent of the 
initial temperature and pressure, 7, has a tendency to rise as the rate of 
combustion increases but, because the rate of decomposition is exponentially 
related to the temperature, the expenditure of heat on gasification is 
increased and 7, remains constant. 

The greater the rate of combustion the thinner the heated layer of 
power, but because To, Ty» T, Fomain constant, the teaperature distribution 
curve increases in steepness, At low rates of combustion the curve will be 
gentle because a thicker layer of substance is heated with a longer tine 
interval. With increase in pressure the rate of combustion increases but 
the thickness of the heated layer should decrease. This theoratiocal result 
was confirmed experimentally by dristova and Leipunskii. 

The basic principal concluaions of the Zel'dovich theory qualitatively 
reflect the regularities observed during the combustion of a powder, but the 
theory does not give quantitative agreement with experimental results. This 
ia explained by the admitted simplifications of the complex mechanisa of 
powder combustion. 

Levkovich and Arsh showed from the analysis of experinental results 
that combustion of a powder is a considerably more complex process than 
allowed for in the Zel'dovich scheme. According to these authors combustion 
of a powder occurs in the condensed phase as well as in the gas phase, About 


50% of the heat evolution occurs from reaction in the condensed phase, and it 
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follows that 1t must plsy an important part in the process of powder 
combustion, The intermediate oxiiation-reduction processes, in which 
oxides of nitrogen take part (No, No.,) ie very important in the combustion 
of the powder, The rates of oxddatinn-reduction processas depend markedly 
on the pressure. This explaias the observation that combustion of nitr-~ 
callulose powders at low pressures is generally accompanied by considerable 
formation of nitric oxide. 

Subsequent investi gations supported sone of the ideus of Levevich and 
Arsh and led to further considerable definition of the mechanisn of 
combustion of powders. 

Rice and Genelle developed a quantitative theory for the combustion of 
nitrocellulose powders. They considered that the process took place in 
three stages: an exothermic reaction in the condensed phase, an intermediate 
reaction in the gas phase leading to the formation of nitric oxide, and 
reactions between nitric oxide and the products of incomplete combustion, 
The basic correlations in the theory of Rice and Genelle were obtained using 
the same assumptions and the seme methods aa were first used by Frank- 
Kamenetakii and Zel'dovich. 

The special points of the Rice-Genelle theory are as follows, At very 
low preseures reaction in the condensed phuse plays the decisive part in 
the dissemination of combustion. The rate of the reaction in the condensed 
phase is dependent on the temperature, but independant of “he pressure. At 
higher preasures (up to a few atmospheres) the predominant place in the 
combustion process is gained by a bimolecular reaction which occura in a 
second phase, for example the reaction between nitric oxide and carbon 
monoxide. The peculiarity of these reactions is that they have small 
activation energies and consequently their rates have little dependence 


on ‘temperature, but depend strongly on pressure, The reactions of the 
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third phase (inflammation) occur only at pressures of 20 atmos, and abovs. 
The heat evolved in this zone is transferred into the adjoining intermediate 
reaction zone by thermal conductivity, and from the latter into the con- 
densed phase. This leads tw increased heating of its surface layers and 
to a corresponding increuse in the rata of combustion. At high pressures 
the reactions in the third zone huve a decisive influence on the rate of 
combustion. 

The results of the Zel'dovich theory make it possible to define the 
basic parameters which characterise the ability of an explosive to ignite 
(the inflammabllity of an explosive). 

If the surface of a powder (an explosive charge) is subjected to a 
heat source of a sufficiently high temperature, then the critica temperature 
at the surface of the explosive (the temperature at which ignition becomes 
possitle) wlll not be reached immediately, but after some time t+ The 
time +, depends on the ratio between tha rate of input of energy from 
heat transport and the rate of heat loss from the surface into the bulk of 
the material. Whe the critical temperature (7) fa renebs ca the 
surface of the explosive, the temperature diatritution in the adjoining 
layers ia set up according to the Michelson law, and this dytermines the 
thicknesa of the heated layer. The amount of heat in the heated layer 
at the mommt of ignition (i.e. at the moment when Ta if reacted at the 


surface) can be determined from tha eyuation 


Q= ff ey(T— Tydx= (Ty — Ty). 
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Fram thia relation it follows that the so-called flash teaperature 
(determined under defined standard condi, tions) cannot serve as a criterion 


of the inflammability of an explosive. This question is discussed in some 


what greater detail in Chapter iV, 
55. THE TRANSITION FROM COMBUSTION TO DETONATION 


mixtures. The eonditions for transition from combustion to detonation are 
most simply established by a discussion of non-stationary procasses of flame 
propagation in gaseous mixtures. 

The equilibrium propagation of a flame at a constant rate occurs only 
when a gaseous mixture is ignited at the ope end of a tube. On combustion 
in a closed tube the flame is propagated at a constantly increasing rate. 
The reason for this mitoaccelarating process is the progressive compression 
of the gaseous mixture.in front of the flame front. This was confirmed 
experinentally by Eirkby md Viler. 

Thenks to the continuous increase in pressure (and, consequently, the 
increase in denaity and temperature) the reaction goes faster in each 
successive layer of gas and is finished in shorter time intervals, The 
increased pressure in front of the flame front is a consequence of the 
origin of a compression wave in the gaa. The compression wave is formed 
as a result of expansion of the combustion products. The flame drives the 
gas before it like a piston. Each successive compression wave is propagated 
in a denser medium and catches up with ite predecessor. As a result of the 
superposition of these elementary waves a sufficiently sharp pressure. 
transition, characteristic of a ahock wave, is progresaively formed. The 
mechanism of formation of a shock wave from these elementary compression 
impulses was show schematically in Fig. 35. 

Tne curves OD describe the movemmt of a flame in time in the co- 


ordinates (, x. This curve starts from separate points (eleuentary compression 
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wavas) the rate of propagation of wiich equals « '-c and the greater this 
is, the greater the velocity of the flame. This leads to the intersection 
of these characteristic curves and tne formation of a sufficiently intense 
shock wave (gee § 23). 

The intensity of the shock wave increases with the propagstion of the 
flame, und the rate of movement of the gas increases with it. Thus the 
rate of propagation of a flame in a r.latively motionless aixture will be 

Mr ity plas (55,1) 
where «, is the velocity of the flame in a relatively moving gus and #4, 
the velocity of the gas compressed by the shock wave. 

The origin of compression waves in the initial gaseous mixture has been 
demonstrated by instantaneous photographs, taken by Tepler's method. One 
such photograph, taken while heating a mixture of CH, +20, is shown in 
Fig. 131. Here tne sharp lines of the compression waves preceding the 
flame front are clearly seen. 

An even more convincing demonstration of tne formation of shock waves 
during the combustion of gaseous mixtures is the autoignition of the yas at 


a more or less considerable distance in front of the flame front. 


Fig,l3t. Origin of compression waves iti a burning gaseous mixture 
(CH, + 20,) 
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Thus the mechanism of transition of combustion Into detonation cones 
to the following. 

Combustion causes movement of tha gas ani the formation of shock waves 
of compression preceding the flame front. Consequently, propagation of 
the flame occurs in a compresged und moving gas. As the acceleration of 
the flame increuses so does the anplitude of the shocx wave, which causes 
acceleration of the flame, and 30 on. Detonation occur3 when the intensity 
of tna shock wave reaches some critical vu ue, at which ignition of the gas 
and constancy of tne regime ut the wave front are assured as a result of 
the energy of reaction, 

Under normal combustion conditions the velocity of a flame in a 
relatively motionless gas does not exceed 10 metre/sec. even in a very 
rapidly burning mixture. Hawevar, tha transition from combustion to 
detonation is accompanied by acculeratlon of the flame. The rate of 
combustion passes tarough a intermediate value of the order of hundreds 
of metres per second, The movement of 
the flame at a velocity oonsiderably 
greater than that for propagation by 
thermal conduction and considerably 


less than that fer propagation by a 


] 


Mg.132. Hugoni's curve 


detonation mechani an is easily 
expleined from the condition of the 
processes proceeding in the moving gas, 

This velocity intermediate between detonation and slow combustion 
corresponds to the region BC on Hugoni's curve. This region does not 
correspond to any material result (Fig. 122). 

The point M corresponds to a process of stationary detonation. The 
point F corresponds to a process of slow stationary sombustion, if the 


flame ia propagated through a gas with the parameters of state ry, Uo 


4 § 3 


If one starts from the ideas on non-stationary flame propagation 
expressed above, then it is possible within the limits of hydrodynanic 
theory to construct a regime with any flame velocity; in particular with 
a velocity batwoeen slow combustion and detonation. Zel'dovich was the 

first to carry out a theoretical study 


"I 


of non-stationury combuotion processes. 


Plane front 


- wave feeat We shall discuss the process of flame 


propagation in a long tube of constant 


h Tad tal cross-section with ignii.on of the gas 
Y +. at the closed end. In agreement with 
the mechanism of combustion established 
Fig. 133, Distribution of above we obtain the distribution of 


pressure in a burning gas 
pressure in the gas, shown in Fig. 133 


some intermediate time after ignition. 

The wolume limited by the sections O—/ is occupied by the reaction 
products, and the Volume /—/! by the compressed moving gas; the volume 
to the right of // contains the undisturbed mixture. With the passage of 
time the pressure, velocity, and other parameters of the zone /—// increase, 
end they in their turn cause acceleration of the flame. However, as the 
walocity of the flame increases the diffurence between its velocity and that 
of the shock wave decreases and eventually they coincide at a veloolity equal 
to the valoulty of detonation, Let the parameters of state of the initial 


i Ld undisturbed mixture be 0, %, uo =0; 


the parameter of the shock wave being 


SNANSAAAAANY 


propagated in unreacted gas p,, 9,, 


Fig.14s. Distribution of D, and u,*: and those of the products 
paraseters in a burning gas. 


of combustion: 2,0, D; and u, (Fig.l: 


Let us write dow for this case the wmrresponding relations which arise from 
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the laws of conservation. For the deamposition surfacu II wa obtain 
the known relationshipa: 
Pi — Pom prt _# 
1 (J k+i () "\ bo ) 
. ® 
wim pe (1 — 5): 
1 
20% ( cH} 
Og — UO, um 1_— . (55 2) 
| 0 1™ FTI Dt ’ 
where c, is ths velowity of sound in the initial ges. 


For the combustion zone (separation surfaces /~//) in which the 


heat of reaction 2 is liberated, the corresponding equation take the form 


. m0 = 8 (1p te, (85,4) 
01 — git (1 = ote) (+9. (88,8) 


where 


—aa 


my 1—- (85,6) 

Oro |! Dap : 

The equations cited satisfy the boundary conditions. In the case 
when Q=0 and n= I the equation has the general form for a shock. wave. 


In the detonation case we have 
Di— 4 = V2 —1)Q +e 
and 1=0, i.e. we obtain the know relation for a process which is being 
propagated in a moving gas. This arises from the hydrodynaaic theory’ of 
detonation, 
If ignition of the gas started at the closed end of the tube, thea 
tty = 0. . (55, 7) 
Thus in the cases of interes% to us we have six equations with seven 
unknowns: p,, 0, ip Dio pre Yrs end L, By Mixing one of these parameters 
(for exemple the velocity of the fleme which can be eesily determined 
experimentally) the values of all the remneining parameters in the conbustion 
gone cen be calculated. The conditions of non-stationary combustion, and 


ite transition to detonation can be more cleurly established by graphical 
interpretation of the equations obtained (Fir. 125). 

Curve / is the adiabatic Higoni for the 
shock wave; curve // sthe Hugoni for the 
final products of reaction. The transition 


from curve / to curve // corresponds to the 


evolution of the heat of reaction. 


Let the gas in front of the flame front [a ee —_ 


be compressed to a state corresponding to the Fig.1%5. The transition 
from non-stationary com 
point /3.as a result of the combustion process. bustion into detonation. 


At this state of the starting material the flmme front acquires a point 
velodty mwrresponding to the state of the reaction products at /),.on the 
adiabatic curve //. J, lies above tha point D 

If the pressure of the compressed mixture in front of the flame front 
remained at this level, then the point )) wuld correspond to stationary 
propagation of the combustion process in the cunditions given. 

On further propagation of the process, the amplitude of the shock wave 
increases end this corresponds to a movement of the point J up the adiabatic 
curve /, It is plain that the point J will also move along the ascending 
bivench of curve //, until 1t coincided with the point M, and consequently 
the rate of combustion will increase accordingly. 

Finally, when the pressure at the front of the shock wave reaches a 
critical value Pa at which its velocity becomes equal to the valocity of 
detonation, then autoignition of the compressed gas occurs and the atate 
of the reaction products is represented by the point M. Only in this way 
does the propagation of the shock wave and ofthe reaction zone following 
1t become stationary, During this predetanation period flame propagation 
4n the relatively compressed moving gas is determined by the lass of heat 


tranefor. With respect to the undisturbed and non-moving gaa aixture 


4&6 


H Reaction Comprenaed 


producte vadisturted propagation of the flame will] ;-ossess 


combined "shock-heat” mechanism of energy 


Fiane front Propagating 
vel 
corrressicn transfer. 
gar 
Fig.1%6. Diatertion of the According to K.I. Shohelkin we layer 
fipme front. 


of compressed gas lying along the side is deceallerated and its movement in 

the centre of the tube i8 correspondingly e.ccelerated; in this way turbulence 
of the gas arises. The distribution o/ velocities across the tube is not in 
equilibrium and this leads to a reorganisation of the profile of the flame 
front (Fig. 136) and an increas in the combustion process. The quantity of 
substance consumed in unit time is increased uniformly. The inoreased rate 
of combustion in its turn leads to an increase in the velocity of the moving 
gas and 60 on. 

The condition for transition from coabustion to detonation as a result 
of auteacceleration of the flame can be settled by photographing the process 
by a abadow (schleren) method on a moving film. One such photograph is 
shown in Fig. 137. The transition to detonation occurred at point C in front 
of the flame front. At this moment the flame front was at point D. 


The nechapim of ‘He 
emplosives does not differ in principle from the mechanism for gaseous . 
mixtures. However, this transition occurs under considerably different 
condi tions. Te origin of a shock wave and the movement of the substance 
in front of the flame front are practically excluded in the combustion of 
® condensed explosive; ithe formation of a shock wave occurs behind the 
flawe front in the burning gaseous reaction products. A characteristic of 
the conbusticn of condensed explosives is the sharp increase in volime in 
the flame sone wiich results from the transformation of the explosive into 
gaseous products. 

If these gases do not escape fast mough the pressure in the reaction 


gone will increase continuously, aud the rate of combustion will increase. 
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When the rate of combustion reaches a cusitical value. stables combustion 


becomes impossible and the transformation to detonation occurs. 


a7) 

, ? 
Detota tion 

wave 


Detonation 
wave 


r, ~ 


Mig. 137. Transformation of combustion of a gaseous mixture into detonation. 


Disturbance of stationary combustion can aleo occur as a result of 
distortion of the flame front which results in an increase of the combustion 
surface. 

Belyaev formulated the conditions for stable combustion of condensed 
explogives in a gmeral form. According to Belyaevy combustion oan only be 
stable when the gas production (from the reaction) and the gas lose are in 
equilibrium. If the rate of gus production is greater than the rate of gas 
loss, then the process will accelerate. The disturbance of the gas balance 
is the most importmt cause of the transition from canbustion int, detonation. 
The critical rate of stable combustion can be determined from the equilibrium 
condition for the rates of gas formation and gas loss: 

y= Ny, 
where 4 18 the rate of gas production wiich ia ccval to the rate of com- 
bustion in g/ea” sec., md “1a the rate of gas loss. 

According to Belyaev's approximate calculation the critical rake of 
sambuation t ataospheric pressure fur normal explosives 4s o° the order of 
7-8 g/cn* sec. If “>7-8 g/en* sec, the combustion will be non- 
etationary no matter what the initial pressure, end combustion will accelerate. 


For zost explosives the normal rate of combustion 14 considerably lower 

than ta culated critical rate. ‘.cvertheless, disturbance of stationary 
combustion of those explosives is possible in certain conditions, in the 
first place when the fl.ame front is distorted, 

The wrk o. Andreev has developed further the ideas outlined above. 
Andreev discussed in detail the relation between ges production and gas lose 
with various laws of combustion. 

In Fig. 138 the lines describing gas less as a function of pressure are 


designated u,; the curves of gas formation are marked uM, 


Fig. 13%. Relation between gas production, gas loss, and pressure 
with various laws of conbustion. 


When p=p,, 1.e. when the pressure at the flame front is equal to the 
external pressure, the gas loss is zero. With increase in the pressure /. 
the gas loss increases as ahow, on the curve, and then, beginning at a4 
pressure about twice ac large as the external pressure, the gas loss increases 
in proportion with the pressure i.e. 

ty = KP 


where the coefficient of proportionality 


“4 
_ 2 Vent / kt OTM fea 7 
K= oly, t) kel Vint =a] LOLS. Lon. 22410 74° 


ut, 18 the rate of gas loss, g/ea” sec.; & 4s the index of polytropy; — 
c 4s the cross-sectional opening for gas loss, cn’; AI $a the molecular 


welunt of the gases; and 7, is the temperature of the gases. 


Ae 


For diatomic gases 


¥ “(yer) r v or 04-85 


gas formation curve ie determined by the character of 


~_— nom mm mtn ?. «as 
ssticn and ths pressure. Let ua 


meat ap, 


We shall discuss three cases: v<l,v=1 mm y> 1. 

Stationary combustion is possible and stable if the gas formation and 
gas losa curves intersect and the tangent of the angle of inelination 
touches the gas formation curve le™ than tire tangent of the angle of 
inclination of gas loss line at the point of intersection. 

We shall first discuss graph y (Fig. 138) where these conditiona are 
fulfilled (v<!) . Let combustion start at pressure p, at this pressure 
gee loss is sero. The pressure at the fleas front will rise until a 
pressure p, is reached, at which the gus loss and the gas formation are 
equal. From the graph it is seen that, with ‘<!, the intersection of 
the gas formation od gas loss curves always permite stable combustion. 

With v>I (greph c) for curve // stable combustion is generally 
impossihle; it is easily shown that combustion is stable for curve /, if 
the pressure is less than 7: and unstable at greater pressures. 

If v=! (graph b), two cases are possible. If coefficiet 2 is 
less than K (the tangent of the angle of inclinatéon of the gas loss curve), 
then stable conbustion ig possible (line /). If 840 greater than K 
(line //) then ges formation is greater than gas lose at any value of p, 
the presmre at the front will increase oontinuously and the process will 
finish as a detonation. Hence for the combustion law 

. uy == A+ Bp 
it ie not the rate but the paraneter Bm tt, which ie critical, i.e. the 


derivative of the rate with respect to the pressure. Taus, with the 
usuel l'inesr dependence of the rate of combustion on the pressure, the 


condition for stable combusticn {1s equivalent to the Tequiramant that the 
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accoleration of combustion i) should not exceed the value K., wa th Al= 28 
(CO; Ny), / = 27m'*K, = 0. 0° 485 and 2212, we get K = 7.5 ssa pee. 


Andreev'a investi gutions showed tnut the accelaration of contiation in 
all the high exmlosives he studied was less than critical value even at 
tenperaturas close to the flash point, and hence their combustisnn was 
necossarlly stable. 

In fact this is only possible in those cases in which other additional 
possiollities of accelerating combustion are absent, e.g. in particular if the 
explosive retains the ability to burn in parallel layers at higher pressures 
as, for exumpla, in characteristic of nitrocellulose powders. 

In tha case of pyroxylin and other porous substances, combustion can 
penetrate through the pores into the bulk of the substance under known 
conditions; the combustion surface increases rapidly and the gas formation 
is above the limit at woich combustion 4s stuble. 

Landan showed that in the combustion of liquid explosives disturbance 
of the stability of cashistinn was produced by perturbation of the flame 
front by turbulence of the liquid. The flane front remained stable only 
if the masa rate of combustion did not exceed seme limit defined by tae 
equation 

Um = (dae getdal’,. (55,8) 
where a, is the surface tension of the liquid at its boiling point, p is 
the density of the gascous combustion products, %» is the density of the 
liquid, and g is the accelerating force of gravity. 

Since most orgemic explosives are liquid at thelr autoigition temneratures 


one can apply Landan's criterion to them. 
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Andr3ev noted that the parameters on tne right nand side of 
equation (55,8) changed very little for different explosives. Congenuently 
“4 15 an approximately constant, parameter at a givan pressure, being 
approxinately equal to 0.25 g/on® See at atmospheric pressure. 

In Table 92 are cited approzimute values for the rate of combustion 
of soae explosives at the snar« taunerature. Tney were obtained by 
Andreev by extrapolation fmm result: ebteined et mich lower tenperutec?s. 
_ TABLE 92 


Rete of combustion of explosives at the snare tenrerature 


a ee 


a 


—--- 
Rate of explodion at Character of spars 


nxpLlosive 


te eee | 


Sharp sound, samnls broke 
into snall pieces. 


Nitroglycerine 
Nitromannital 


Nitroglycal 
TEN 

Heksogen 
TNT 


Weak sound, sample 
remained unbroken. 


Tt 


It is sem from the table that, apart from the first two explosives, 
even at tae. spark tennerature the rate of combustion 15 considerably less 
than the limiting value. These data agree with the character of the sparit 
of the corresponding explosive and with the fact that disturbance of 
stable comtustion at the usual beginning teuperatures is observed at 
pressures considerably higher than atnospheric. 

From this account the following conclusions can be drawn: 

1. The basic principle for the transition from combustion to detonation 
ia disturbance of the gas balance. This occurs if the rate or acceleration 


of combustion exceeds some critical value, 
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Ay 2. For most explosives which are capable 


da 
dp 


considerably less then the critical values. 


of combustion the parameters « end are 


% Disturbance of stable comburtion of 
explosives in actual conditions is most frequently 
connected with curvature of the flene front and 
considerable increuse in the combustion surfece 
as a result of either combustion inside the 
substance (porous. explosives) or perturbation 
of the flamé front (liquid esplosives). 

High pressures facilitate the occurrence of 
these phenomena. 

A a 4. Growth of pressure at the flame front 
with a compensating gas Joss is the cause of the 

Fig.179. Transition fron formation of a shock wave (vh'~> dinereaces in 

co..bustion to detonation . 

with mercury fulminate. azplitude during combustion) in the reaction zone 

A. Ignition point. 

CD.. Detonation. Subsequent transition to detonetion 1e sinilar to 

that in gaseous mixtures but it occurs at much higher critical pressures at 

the front of the shock wave. 


5. These processes are accelereted by ¢ Detonation 


enclosing the explosive charge in a casing. 


A photograph of the transition fran y 
combustion: to detonation in mercury fulminate Combustion 
is shown in Mig. 139. Normal detonation ~ cA 
sturtea at point C where tho flame front Fig.140. Diagram of transition 
from combustion to detonation 
coincides with the front of the pressure in mercury fulminate. 


wave, In Fig. 140 a graphical interpretation of this photograph is given 


in terms of the coordinates /) and /. 


4 3 


It is seen from Fig. 140 thut the origin of a detonation type of 
decorposition is connected with a sharply increased (discontinuous) rate 


of prepagation of the process. 
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HAPTER XI 
BRISANCE OF EXPLOSIViS 
6 56, Methods of Estimating Brisanse Theoretically. 

Brisance = thig is tho ability of explosives to effect local destructive 
action, which 1s the result of the sudden shoole of the detonation produots 
through the material surrounding the oxplosive, 

Tho brisanoe effect of explosives only anpeara at olose Gistances from the 
site of the explosion, where the pressure and nergy density of the explosion 
products is still sufficiently great. On moving away from the site of the explosion 
the mechanical effects are sharply réduced as a consequence of the steep drop in 
pressure, velocity and other paramoters of the explosion produots, Actually, it 
follows from theory that in the oase of sphovical asymmetry the pressure in tho 
explosion prodots 1s reduced inversely proportionally to &°,. waere R. is the 
distance from the explosion source, This follows from the faot that the highly 
compreased detonation products expand acoording to the law puv*= const, where 
k==3) and om Ri, 

The maximmm brisance effect is manifested as a result of direct contacts of 
the explosive with an obstacle disposed perpendioulerly to the Airection of propa- 
gation of the detonation wave. 

The fragmentation effeot of aimunition, the armour pievcing effeot of 
tho detonation products and other forms of looal destruction, for exaiple; arc 
explained by the phenomenon of tho brisance effect of explosives, 

Brisance, together with work capability, is one of the most inyortant 
characteristics of an explosive, on which ia besod their rolative evaluation and 


theix choioe for one or other tasks (fragmentation, blasting media, etc), 
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Tho brisance proverties of explosives are not determined conmlctely and 
identically by those parameters oa which their work capability dependés, Tho worl 
capability depends mainly on the potential enerzy of the explosive; -Q,, the 
specific volwne vo and the specific heat C of the gaseous explosion products. 
Tae work capability and fugacity effect of an exlosive inorcases vith tnereasa 
of Q, and vo. The detonation velocity .D. and the detonation pressure p,. are 
the determining factors of brisance. 

. Trotyl and ammotol 80/20 possess approximately equal work capabllitios.: 
fae brisance of trotyl significantly exceeds the brisance of ammotol, which is 
explained by its higher detonation velocity 

Variation of the charge density has a slighs effect on the quantities 'Qy 
and vp: and consequently also on the work capability of the explosive; but on the 
other hand exerts a considerable influence on its brisance, This is explained by 
tho fact tnat p F and D depend strongly on the initial density of the explosive, 

Experiments for evaluating brisance theoretically have been carried out by 
ramerous investigators (BIXHEL! ,BEKKER, KAST etc.), which, however , were based 
on inadequately accurate physical grounds, As a consequence of this, the formilae 
proposed by them for a& quantitative characteristic of brisance could find no 
practical azplication. 

PIKGEL' , asswiing a definite velooity for the process, suggested that 
brisance could be evaluated by the cuantity zm D, which he took for the xinetio 
enerzy of the detonation products. He assumed the initial velocity of the latter, 
for this, to be equal to the detonation velocity D of the exvicsive, It was 
established by theory ond by experiments 3 however; that in fact the initial maxie 
mui velocity of dispersion of tho explosion products for the majority of hiph 


explosives is higher than their detonation. volooity, Moreover, 14 should be 
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borne in mind that different cas fractions do not »ossecs identical velccitics,. 

On detonation, e considerable redistribution of volocitsi: + eccurs of the gascous 
? £ 

emlosion products according to their mass, Only a relatively smail portion of 


o 


the macs of cus wossesses a high velocity ; the sreater portion of the mass af 


: 
fas possesses rolatively Low velocitics (see vara. 80), 

REDL considered it more accurate to characterize brisence by the quantity 
mD, i.e the momentua of the gaseous explosion vroducts, Accumiag, as a resul+ 
of this, the sane errors as BIKHAL, it did not, however, take into account the 
fact that on encountering on obstacle, the impulse of the explosion considerably 
inoreases a3 a result of reflection, 

HESS and KAST assumed that brisance should be characterised by the sower 
of the exolosive. HESS, therefore, without talcing into account the initia done - 
‘sity of tno explosive, related the power to unit weight of explosive. KAST, on 
the other hand, assigned a large dismortance to the density, ond suggested that 
brisanee should be evaluated by the power per unit volume of explosive. 

KAS? suggested that the power should be characterized Ly the expression 

B= Aoer2, (56.2) 
where A,,, 19 the maximm work done by the exolosion vroducts,.t-is the time 
over which it takes place and fo is the deasity of the explosive, 

According to KAST, + is inversely vroportional ty the detonation velocity, 
and the work done, Aa » Ls proportions! to the "power". F, As o rents the 
following forma was proposed by them for estimating the birisanee of an 
explosive ; 


By FDpy - 


(53, 2) 


K.K.SNITKO, assuming the absenoe of strict proportionality betyeon Avex 


(equal to the potential energy of the explosive, Q.) and ‘F, ana alco ance 
. . : ». os SSA 

+ - d . . wee . . se 

hat t=-5, ‘where /-is the charge length, suggested thatit was more accurate 
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to evaluate powor by the relationship 
Bx Sed _@al/l.sec (26,3) 
He assigned thia. quantity to the energy stress as a result of She explosion. 
The values of & caloulated according to formula (56.5) for certain explosives, 
are prosented in Table 95. 
Table 95 


Energy Streases. of Cortain ixcclosives 


ut 


Linear di- Hest of |) Detonstion | Powe 


mensions of | explosion,! velccity, ; keal/l.sec 
oharge *.,m keal/xg | 560 | 7 _!| 
Amotel 80/20 1010 | 5500 | 74.208 | 
Oxyliquite 2000; 5000 | 100,108 | 
Trotyl & | 


1020 | 6600 93 . 10 


7500 117 . 10° 


Tetryl 


PEIN 6 


7300 | 156 «10 


Formulae (56.2) and (56.5) have found some application for the quantitative 
estimation of brisance of explosives and in general gives satisfactory agreement 
with that found in practi ge, Thus, in accordance with the data from Table 98 the 
brisance should increase with successiva transition ficom ammotol to PETN, waich 
is. in fact verified by experimental results. ~ 

Nevertheless, Formulae (56.2) and (56.5) are, to a considerable extent, of 
an arbitrary nature, This is explained first of all by the fact that in the 
formilae mentioned the time .* » Quring which the explosion products do work, is 
assumed to be proportional to or equal to the tims of traverse of the detonation 
through the charge, which is not trie, Thus, for example, under conditions of 
Simaltaneous. double-ended initiation of an explosive charge, its detonation timo 


decreases: by | factor of two. It ia obvious, however, that this oircumstance 


cannot, in itself, involve either an increase in the power or tha brisance offect 
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of the explosive. 

The duration of the work dene by the explosion products is not determined 
uniquely by the detonation velooity, but it depends also on the neture of the 
oostacle and on certain other factors ond it does. not givo an accurate quantl- 
tative devermination. 

From wrat has becn sugrested above, it follows that Formac (56.2) and 
(56.3) cannot be proposed as the basis of any calculations associated with a 
quantitativo evaluation of tne local brisance erTecs of an explosion. 

BEKKER, RUDENBERG end SCib{D?, in order to interpret the concept of bri~ 
sance, proceeded from accurate hydrodynamic representations of the process of 
dotonation. For this, HEXKER end SCHMIDT assumed that brisenco of an oxplos.ve 
should be characterised vy a rapid change in pressure at tho detonation wave 
front, which, as is well-known, is determined by the expression 

Ap = tquD. (56.4) 

RUDENEERG, proceeding from the representation, accurate in principlo, 
that on encountering the obstacle, as a consequence of the movement of the det6- 
nation producta to the wall, thoy will. be co.oresscd and toe pressure will bo 
inoreased, suggested that brisance could te ohsractexised by the am of the 
quentities 
Ping = Ap pil®, (56.5) 
called by him the impulsive force. p,u?. is the momentum of <ho detonation pro 
‘ducts in the region of the detonation wave. 

For a strong dotonation wave 


1. 
ap p,= k+l pyD* . 


and, 
po)? Pi- 
2 —_— it 
Eel) 
whence. 


ne i a 
Ping =p Fy 
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which for -&=3 gives 
Pinp== 4 Py 


The exprewsion y-cposed by RUDI Snec, is new sufiicicntly accurave, Ths 


actual mressure cimericneed by the wail at tre 
ration wave, ia determined by the corditiona of 


is: easily dotom:inea by theoretical cciculiation 


© 57. The Inmmulse resultin; Soo. 


20a. reflection fra 


RecLoction of the 


Vion 


a aD a, PP > 
Devenation Wewo Suen the Wolk. 


The theoretical calculation of the impuiss resuiting 


a detonation wave fran a wall has been given by 


Let us consider this problem, 


Suppose that a piane detonation wave is. iniv 


ZEL'DOVICH and Sian 


%. “A 
ore 


SLOVSKITs 


o wold 


nee 4°. rate wy 
toh at the lert-iind oy 


end of an explosive charge (at the origin of coordinates). Ths length of the 


charge is /3 a nonedeformabvle: wall is situatod et the right-hand end for 


(Pige 141). 


~ 


The gas dynamic: ecyations ror uniform isuntropic flow have the form 


’ 


jy (ue ye) +e) 


We can write (57.1) for tho case wien k=3: cs 


dat e) 
afl ao. 


SUED (uote) L229) = 0, 


he solution of (57.2), in socordance with pere.25 wlll ve 


xe (tcl PF (e+e) 
-4=(8—c)f+F,(4—C), 


where F, and f,-are arbitrary functions. 


. 


or the reflected wave the solution is. finite Loz t=, 


As a result of this, 4=0¢=D; ; it follows fron this that 


dD; 
fy sl—p-l=0, 


5O/ 


(57.1) 


(5742) 


(37.4; 


sive oF encounter Wath the GJ to- 


axe. 


from reflection of 


ae 


=! 


consequently , migure 241. Dorivatios oP the ro- 

lationship for the impalse resulting 

== (uo) t, (57.53 ationshiap the impulse resulting 
. °°) prom veflection of a dotonction wave 


fraa a nonedeformable wall. 
The function fF, is determined from tae 


LL UL 
conditions that at the wall for, «- #4 , a 
4#=0 for any value of ¢.. Then | Z 
[= (0—c)l+ Fa -— ep 
Assuming that for tea em D; , We . ELLE 
obtain ? 
i =—24-F,0-0,, dees Fravl . (6748) 
Conseque: tu *, 
x= (u— ctl. (5707) 
From equations (57.5) and (57.7) we determine u and ¢ ; 
watt, cmd. (57.839 


The iatter relationship enables.us to establish easily the iow of variation of the 
“pressure acting on the well with respect to time. 


Figure 142. Pall in pressure ecting on the wall a3 a result of 


reflection of a detonation wave. 


from the isentropy equation; px Ap} it follows that 


Pf ty fay oh 
Fae ’ \vfed) 


ZO% 


since for k=3, ¢~p , thon 

Paa(Zy, (5744.0) 

Py NG 
Substituting in equation (57.10) the vaiue of ¢ fran (57.8) and assuming that 
c= 3D, we obtain 

64 r\e - 
p= a7 Pipi ¢ (57.11) 
Equation (57.11) givos the law of variatien of pressure at the walle This 
relationship is presented graphically in Pigure 142, The total impulse as a 
result of reflection of the detonation wave fran the wall ia 
__ 64 L\B Pdt 32 t 
I= [pat= a 5ri(a) [ea HID: : (57.12) 
Be 7 

where Ss: is; the crossesectional area of the explosive charge. 


Since Doe 
Pi = TP dD, 
then we have finally 
1 =H SmID = pmD, (57.13) 

where m=Sp! is the mass of the charge. 

It can be sean from Pig, 142 that the wroassure at the weil. fails exceedingly 
rapidly. It Lollows fram this that tne impulse, depending on ths looal action 
of the explosion(depicted oi the zraph by tne hetched arca), 1a inperted to the 
obstacle essentially alter an oxtromely short interval of tine t* 3 equal to 
the ‘transit time of the ‘rarefaction... wave through the charge. + is the velocity 
of the rarefaction wavo. 

In the case when D= 8000 m/sco and /= 20 an, t= 5 ° 107° svo. 

After this time the pressure falls to the value p,=,p;., which is still 


quite laxge and usually exceeds the claatia limit of deformation of the respec- 


tive materials. 


S02 


Tt is. necestozy to wake into acocuut in cloultio. that the Loos, 
Pare y 


explosion effect under conditiois of disccet coxbact of the chsoge with the co 
stacle is not entirely Gependeat on the impulse in =. mmiber of cases, iu only 
upon & certain pert of it, acter tha vime of tion of whien the pressure cocs 
not fall below a certain critical linit, derendings on the structure ond mechani- 
cal cuoracteristies. of ths obstacle materi, 

Ligreover, in the same coliculations one should wake into account tae sctiot 
maximum pressure ofiginating at the boundary or soparation of the media as a 
result of tho reflection, which devends considerably on the ‘tatsnasp bones 
the density ond compressiviiity of tho do stonation produats and of the mediwa 
itself. Methods of calowlation of these pressucss avo considered in detail in 
Chapter IX. 

However, in a number of cases for pveneral eatination of tao brisanca 
effect of charges, it is sufficient to ker tho’ detonation pressure oF the ox 
plosive and the specific inmulse as a result of reflection of the detonation pro- 
ducts from an absolutely non=dcforming wall, soth these quantities are easil 
derived. by theoretical caiculation. 

I+ follows from expression (57.25) thes the specific: impulse, depending 
(to a first approximation) on tho local brisance oSZect oF the explosive, @ovcnds 
not only on the detonation velocity and the density of-tne eclocive, but also on 
the waight and geometrical paraneters of the cnarje. . 

It also foilowa from expression (57,15) that the impulse, for appro 
mately the same conditions, should increaso linearly with increase in detoncvion 
volooity. Hence it follows that the impulse of a charze of a given exnlosive say 
be considerably inorcased a3 a result of a1- inoveaso in density of the ¢hence ; 


since D=Ap? , then the following relationship should consequen: “ly be achieved 3 


f= Ko, . (57.245 
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Hquntion (57.15) assumes & lincas releticaship besveen inyulse and chinge 
Jength, which is act, in fact, caserved, Chis is explained oy the Pact that in 
proctice it is not possible to realise ctriotly ume-dircnsional sotion of tre 
detonation products and tho complete oxclusion of theix siaoways Pligns even 
for a closed charge in a sufficiomsly strona enveloye,. 

lovever, relavionsnip (57.13) can Le vccc not ony for the one=diicnstoncl 


J 4 


case bis also ror the tizeca-Gimensional caso. For this £% is mecesszry to cube 


Pigure 142, Daspersion of the stiwuve wie Gass oF the cctive postion of 

detonation products from tne ands the chansze in place of the total msss of 
| 

of a cylindrical charge. the charze, wien cor be caleulated wit. 


a eer ee stent neg dy ee ne ray eta) 
Gude wae AOC ey! whe GE be Gin eee 
Wola 


Se wiecuy of the sotive portion or 


a chaise wos worked out oy 0.2. ViASOV,", 


Gel. FOSCVSIGI anc. it reesivec Aurthes 


assy . 


develorment in the wore of BAUM ond SRATRROVICH. By the active postion of a 


ohasge ag meant that porticn of a chavge Soe, when tue Civonition risaducts tse 


Gispersed in a given direction. Wiva lene. lag Gang. Len 
meter, the active mass ox tne chesse inerouses only wo vo w Kiowa limit. The 
iimiting mass of the active portion of the charge con be ceaiculated in tho 
following mannor. 

Suppose that initiation of a cylindwical charge takes place in an arbitrary 
section dividing the charge into two parts (a and 6 ), as shown in 713.145, 

rom the theory of « similtanéous'’ dispersion of the detonation products 

it is imiown that in this case, for the detonation products dispersing in 


opposite directions, the folluwing relationshins ore valid : 


da + 56 5a 4-46 5 
Aly = fig —~>oG hg = Po 7 > (57.15) 


SOS 


where mm, and Mig Ate ta. Mossca Cispersiiag to less end to right sespecyivoly. 

If the charze initiation is at the loft-hiud end, then 4/9 of the totel 
mass of the char,s is ejected to the side in woteh the ustonation is wropagated 
(to the right). However, as a conscquente of the - similtancous |. flight of thea 
detonation products from the side surface , the active mass of the charze is 
reduced. 

If v-ia the velocity of the swuelaction wave propagated from the iateral 
surface towards the axis of the cherge, cid its radius is or , thea tho liriting 
length of the active portion of the charge ‘so is dotermined from the condition 

2 oe 38 here, (57.16) 
end the active mass vill occupy a volume of a cone with & base yadiua of rand 
a height “li, , he@e 
) Mya ; mobs (57.47) 
where m,,, is the limiting active mass of the charge. 

Assuming that va? , which is sufficiently close for practical appli- 

cation, and relating the active mass to the unit of surface of origin of the 


charge, we obtain 


(57.18) 

It is ébvious “ran (57.15) and (57.26) that tho limitin: value of the 
aotive masa for a given dianoter of onarzea ia attained for a charge longth of 
l=pr . Hence it follows that the increase in specific: impulse as a result 


of an increase in the charge length should only take placo up to a known limit. 
By increasing the charge length evove its. optimum value J, ar (for this 


‘opti 
4 , 
be =7 11 -  ) no increase of impulse should be observed (#ic.144). 


If the charge length [<r , then the active mass of the charge is 


determined by the volume of a tiuneated cone, tho height of which is equal to 
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The maso of tre avuive portion of V2 chamis 2a expressca in wis 


tras cass bY 
the followiag veluliostscip 


te .. a" 
pe ee en ert 
Vy oi 6 Fo aayl pe, 0 (ee wu) 
a Or. a a oe Ct maz on mae ma 
a Git os ELS Wide tile aCeLvVe BomeLOn O12 


Using she sac Csnehacreties. | 


the charze, and oomsetiuently also the socoiDic Immense. snoule also inereica 


with increase in ciarga csamelox, cuynptetvioully eppreacaing a iinite limit. 


“a 
Pigure 144, Actives portion of an open 


irs 145. sevive portion of an 


charge for {>!i open chosgo for <4. 


The theoretical relationships obtained cbuve Zou the impulse resulting 
from an explosion, ond the conclusicis reuchcd in roleticu to the estimation of 
tne brisance of explosives are verified by tho 


results. of otriosimental investi- 


elm ser otek 


gations, 
g 58. Methods and Results of Limperinenta 


vemiinations of Lrpulsoes. 


The most reliable instrument for determining impulses o% tao surface of 
‘detonating charges is the ballistic paendulua. 


In order to determine th 


o inpulse,a metcl wante is placed at the ead suvface 
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of a charge. The plate, s3 0 result of Gotonation ov the chose, 
momentum acquired by it to the perdulun. Ths iuspuise resulting Prom this is 
éetermined by the angle of detlection of the perduliua. In oréor that tac nen 
dulum completely eccuires the wnole of the Uapuise, 1% a5 covotlal thet ooo 
result of the explosion premature dectruction of tls miate sreuld nov oceur; i? 
the, contrary is the case y SERGI LOS BY ote Ofc owed Vk ug random trajoce 
torles and they only partially svclko thw pond. A genoval View cl the pene 
dulum is shown in Tig.146. In order to measure Lepulses under conditions of 
direct conte t between the charge and the penduluz, the "boo"’ 1 hes removecole 
anvila. 2. 

We shall derive the calculated Yormia for determining the inpuise with 
respect to the measured angle of deflection. of the pendulum. 


Figure 146. Ballistic: Pendulun 


We introduce the following symo0ls :° m is the ase of tre plate progcoted 
at the pendulum, % is the volocity of the yiate, R is the radius of impacs o: 
the plata, o9.is the angular velocity of the pendulum, K is the moneit o2 


inertia of the plate, Lis tho distanoe fron the axis of suspersion to the 


contre of gravity of the plate, and ¢ is the angle of dawlection o7 the nonduium 


SO 


On the basis of tho Laws of Conscrvatioa of KNomentum end Taeryy we have 


MUR == (mR? + K) wW9, (58.1) 


ak “+ mR?) w= g (ML + mR) (1 — cos a). (58.2) 


1 a ve 
Solving simultanoously there taro equations and substituting |] —cos a. = 2sin't . 


wo obtain , 
re Ap) gh: ae, 
whenoe 
2 sir. = 
ny = VA igh (aR ERK), (58.5) 


Neglecting in equation (58.5) ”* and m in comparison with K ond M respectively, 


we obtain 


a 
2 sin = 


2 ————EE 
MY = —~e— V Meg LK. (58.4) 
The period of : #11, oscillations of a physical pondulum is 


Tate yh. (58.5) 


Determining xX fran this exprooaion ond substituting in (58.4) we have 


a 
ahi = “ 
Hug= - R ; see : (58.8) 
or 
Thiel a. 
i=me =n ing, . . (58.7) 


where the quantity ge =C is the pendulum constant (Q = Mg is the weight of 
the pendulum ), | | 

By oarrying out the experiment under conditions of direct contact between 
the oharge and the pendulum, R=L, . In order to dotexmine the pendulum constant 
at is neoessary to mow the period of osoillation 7 and the static moment QL of 
the pendulum, which is easily determined by experiment, 


The first systematic atudies in determining Impilsesa resulting fram an 
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explosion and the eatablishment of the relationship betyreen specific impulse 
and the compression of copper o° 7 leaG crushers were carricd out by M.A. SADOVSIIE 
and P.F.POKOL . The relationship between impulse, weigat anc geometrical yera- 
metcra of the charo can be written hy means of the formula 

Te hPS, (53,8) 
where kis a coefficient, depending on the power of the exniosive, P.is the 
cherge weight, © is the base area of tho charge in contact with tho pendwlun 
and is the surface area of the charge. 

Assuming that the momentun of the explusiocn products is proportional to 
the velocity of motion, which in its turn ts proportional to tic detonation 
velocity 2, the authors derived forma (50,8) in tho following form : 

fm h, OMG, (58.9) 
where At-is tho sharge mass. 

Table 9 presents sxperiniontal data showing the effect of detonation 
velocity was achieved by varying the density of aharges of trotyl and phleg~ 
matized hexogen,’ The woight of the charges was 50c, ond the dianeter was 40mm 

Table 94 . . - 
Relationship between spccifie impulse and detonation velocity 
Charge density, 
om 


0, 512 
0. 525 


0, 536 
0, 343. 
0, 555 


It oan be seen from Fig,147 that for given oharge characteristics 
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Coonstant weight and diemater) the relationship between imgulse and detonation 
velocity for two essentially different explosives (trotyl and phlegmatized 
hexogen ), as also required by theory, is expressed by one and tho same linear 


relationship, This relationship; obviously, should be of a general nature,: 


¢ 
Figure 147, Relationship between specifio impulse and detonation 

veloolty,: 

bkg seo/om 

Q39 : 

Q560 ; 
. Trotyl 

seh ° Rexagen- ae 


It oan also be seen from Table 94 that with inorease of density of the 
trotyl from 1.50 g/am’ to 1,50 g/am® ana for phlegnatized hexogen from 1,20 g/om” 
to 1.40 g/am*, the specific impulse in both cases is inoreased by 12 = 1%: 

Expression (57,14) , which results from theory; requires a linear 
relationship between log i and logip ‘y which is well borne out by results of 
experiment (Fig, 148). | 

With inorease in charge diameter for constant height, the specifio impulse, 
as also would be expeoted, inoreases, which for example can be geen from. the 


date, obtained ty VERBOVSKII for trotyl; and presented in Fig, 149, 


Sit 


Figure 148, Relationship between ‘Pirure 149, Relationship between 
impulse and okarge density ; specific impulse and charge 
1 + Trotyl, charge weight 228g, @iameter(neight of charge. = 90mm) 
2 - Phlepmatized hexogen, charge 
weight 228g, 5 = Phlegmatized 


hexogen, charge weight 55. 8g, 


l ‘kg sr0/on 


qv 42 4 40 We4m g,p 


The increase of impulse in the given oase is explained by the substantial 
dinerease of the active portion of the charge with increase of its diameter.: 

On -the-vasia éf theory and from Figs149 it oan bo consluded that fora” 
sufficiently large diameter of the charge the maximum inorease will still have 
no noticeable effeat on the sneoifio impulse, 

In Table 95 are presented values of impulses established experimentally 
and caloulated according to forma (57.15) for trotyl charges, based on data 
ooneerning the active portion of the oherge, As oan be seen from the table, 
the calculated values are found to be in satisfactory agreement with tho experi= 


mental values. 
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Table 95 


Calculated and experimental valucs of specific impulses 


Charge dimensions | 4 " 265 ex upeebttie tis aviin,. 


| Density b /sec ° _ 5 - : : 
“A mm ,. nv g/eu i 1, keysee/em tay Kp sedfan” 
(experimont) |. (eclowlsted) 

80 1, 40 6529 : 0,162 0, 178 

80 1, 40 6520 0, 217 0, 208 

80 1.40 6520 0, 305 | 0, 280 

80 1.40 . 6320 Q, 578 0.560 

70 1.50 6640 0. 205 Qj 200 

70 1. 50 6640 0. 266 2 234 

70° 1, 50 6640 O, 525 0, 514 

43 wSO - 8025 Q. 296 272 

61 1. 50 €025 0, 516 0, 505 

67 1. 50 6025 0, S13 0. 3190 


An example of the calculation of i is shown below: Sugpose that for a 
cherge of trotyl of height H= 80 mm ond diameter ¢ = 20 mm, p15 g/am” ond 
Dim 6025 m/sec. 


Sinoe 4 > 205, » then the limiting active masa of the charge is 


2 
My = Ky tp, 
Sinoe 


2,4 
Kies seo“/m> , 


13: 108 
Po 9. 


8i 
then 
7 8 2. 
f= sS7 7D = 


+ 8+2+2-10-%. 1,9. 10°. 6,025 - 10? . 9 
aa Tae 00815 oe Ssec/om 
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By enclosing tho charge in a case, propagation of the lateral rarefaction 
waves in tne detonating charge is limnited'to a groater or lesser extent, woich 
leads to a corresponding inorease of syecific immulse at its ond. With increase 
of density end thickness of the casu, the inmulse is noticeably increased,: 

Some data illustrating the effect of theac factors on the specific impulse are 
presented in Table 96, 
_ Tt should be noted that the presence of a case leads to a considerable 
dinorease in briaance. 
Table 96 


Effeot of a case on the specifica impulse, 


Charge characteristics 


Explosive 


950, Metoas of Deturmining Experimentally the 


Brisanoc of Explosives, 
Tic most simple methods for determining the characteristics of brisanoo 
are ‘tests based on the comprossion of lead cylinders and copper crushors. 
The test proposed by HESS in 1876; based on the compression of lead oy~ 
linders, is constmoted in ‘the’ folowing manner (Fig, 150). A oylinder a’; made 


of refined lead, with a height of'H-= 60mn and a diameter di= 401an} in placed on a 


5/4 


massive stcel slab 4 , Above the cylinder is placed a steel plate 6 witha 

Giameter of 41.5nm. and thickness 1Qmm, on which is placec the explosive charge 

Ae) ‘with & weight of 50g. and a diamoter of 40mm into which fits a No.& capsule 

detonator (d). As a result of explosion af tho charge, the lead cylinder is 

aompressed and acgu4res a characteristic mishroom shape (iig.151). 

Figure 150. Tost based on the Figure 151. Compressed lead oylindor. 
compression of lead oylinders. 


The reduction in height of the cylinder serves as. a moasure of the brisanoe 
bH =H) —H, 
where His the height of the cylindor after the explosion. 

By exploding trotyl charges with a denaity of > 1.5 g/m”, and other 
oharges. with similar brisance properties, the lead oylinder ia destroyed, In order 
to: avoid. this, a steel plate with a thickness of 20mm is used, ox ohargos 
weighing only 26g. are exploded. 

The results. prese.ted in Table 97 were ohteined in this instrument of 
standard oonstruotion for certain explosives with a density of 1.2 g/on” and 
using a TAT-8 capsule detonator. 

For ammonites end similar exylosive. mixtures, the compression depends +o 
@ considerable extent: on the degree of grinding and quality of mixing of the 


camponents. This is explained by the effect of theas factors on. the detonation 


sys 


velooity and on the limiting diameter of these explosive systems. 


Vath increass in charge deusity(for the same weight), the compression of 
lead columns increases linearly. Tims, Pirove 152. Relationship between, 
for philesmatized hexogen, by increasing CeMpressiun of Lead cylinders 
its density from 1.2 to 1.5 e/ou” the and chasse donsity(trotyl). 


compression was increased fram 17.2 


to 21.2mm (steel gasket with a thickness 


na 

of 30m). The relationship between can- “ll 
pression and charge density is sham <n 224 
Pigs152 for troty). i 
A tcat’ based on the com 


(a0 135 0 S120 PrpJon” 
pression of copper arushers was. proposed _ 


by KAST in 1895. An instrument for deter 
mining brisanoe by this test(brisance metes) a3 shown in #is.1oc. 

A hollow steel cylinder 4 , with a grouné-ia piston ¢ of weight 680g. 
is fixed on a steel base 2. On the piston there is a stecl cover plate d with 
Pigure 155. Hrisance moter. a@ tnickness of 20mm and a weight of 320g, 
covered for protection from the direct. action 
of the oxplosion products by two lead washers 
with a thickness of 4mm. Below the piston is a 
copper crusher |, usually with dimensions of 
7 x 10.5mm, The test explosive oharge, with a 
diameter of 2imn and fitted with a capsule- 
detonator, is placed on the lead washers. a3 a 


result of explosion of the charge, the piston 


receives a dynamio shook and compresses tne 


orusher; the compression serves as a character- 
istic of tho brisance. 
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The weight of the test charce wes provicusly chosen equal to 10g. However, 
subsequent investigations have established that tne reaults, up to a imown linit, 
depend on the height of vhe charge. The limiting height of the chsrze for a dia- 
meter of 2lmmn amounts to about 7Ou:; oxpemuennati he. 
with this heignt of the charge. Tas. .° U.ows tne rows of experinoxis ior 
certain explosives. 

fable 98 


Gompression of Copper crushers. 


Compression of 


Name of explosive 


crusher, mum. 


Pulminating jelly 
(Blasting gelatine) 


Nitroglyaesrins 4.6 
Tetryl 4.2 
Molinite Sel 
Trotyl 5.6 
Dinitrobenzone 2.1 
Pyroxyi in: 3.0 
Ammotol 50/50 2.5 
Ammotol 70/30 1.6 


62% Dynamite 

Comparing the testes carried out on compression of lead cylinders and 
oopper orushers » MEYER arrived at the conclusion that they give generally con- 
sistent remilts, and the average accuracy of both methods is approximately tho 
seme (about 3 = 4%). 

One disadvantage of the test by compression of copper orushers is ita 
amall "resolution capability", since the compression of the copper crusher jis 
relatively little ohanged by variation of charge density and height. Moreover, 


S77 


the rosults of this test, in its standard form, are not representative in 
many cases. Thus. for example, for a number of explosives the limiting diameter 
of whiah is considerably greater than 24mm (aomionites, mixtures of, trotyl with 
dinitronaphthalene etc), brisance indices. are opteinod which are clearly too low. 

HYDE and ZELLE, on. the basis of the results of thelr investigations, came 
to the conclusion that the method of estimating the brisance of explosives ,by 
direct comparison of the magnitude of compression of copper crushers, is not 
sufficiently accurate, sines in the procossa of compression, the oross-sectiozal 
area of the arusher is inareased and its resistance to deformation increases, 

in order to establish tha relationship between the resistance of the 
crusher and the maymitude of the compression they compressed similtaneously by 
explosion sae crushers, then a number, 4°, 62 tho crushors 14 geleetea cush ‘thet 
the compression of each of them was equal to inm. In this case the erect of 
oross-seotian of the causher can be neglected and the n- crushers compressed by 
imm may be taken as a measure of the brisance. 

The data obtained by HIDE for certain explosives is presented in Table 99, 

Table 99 | 

Brisance of various explosives(according te HE) 
Charge 


weight, 
- B . 


Name of explosive 


Dinitrobenzerne 


Trotyl 
Pleric acid 
Tetryl 


PEIN 


Notes: Fhe charges were placed in a case of galvanised tin with a 
thioclmess of O,30m. The etonator wes a No. capsule-detonator 
and 10g. of compressed piorio acid. 
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BELYAYEV also occupied hinseif with the study of the dependence of the 
resistance of the crusher on its conpressicn. In order to obtain an experimental 
relotionship he subjected the same arusher to reocated compression by explosions 
of standard chargea mrepared from tie same explosive. 

The question of the rolationship between canpression of the crusher end 
the impulse from the explosion was first iavestigated by PF, POLL and 
M.A. SADOVSKII. By establishing the operating conditions oz « lead orusher under 
the action of en explosion, the autnora refurred te proacedsd crom the assumption 


that the resistance of the crusher is proportional to its cross-seoticnel area 


after deformation. ‘By equating the volumes of the crusher before and after 
deformation we have 
R= yap: (59.2) 
where “Hy As the original height of the crusher; AH its compression, g, is the 
initial resistence of the orusher, proportional to its area of erdss-section, 
and. 0) is the volume of the orusher. 
The equation for the work. dono in compression of the crusher has the 
following form 
RbH = Rw pn = oy (59.2) 
where } is the impulse of the explosion, acting an the base of the erushor, 
. Mas the mass set into motion after a time of explosion ra fhe mass M corresponds 
to that layer of metal which, after a time ™ will be traversed by tho defor 
mation wave. In orijer to establish the quantity M, POIUDL and SaDOVSKIT carried 
out ‘the following experiment. The steol plata and the explosive chergo wero 


placed coaxially at different distances / from the lead orushor (Pigsi54). ‘ 
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Figure 154. Compression of a lead By detonating charges ot’ explo- 
orusher by impaot of a plate. sive, a xkinctic energy was imparted 
. to the plate, depending on the magni- 
tude of the impulse and the macs of 
tne pratee Vomyression of the crusher 
occurred by the astion of impact of 
the plate. Siniics exsorimonts were 
carricau cut oy VERECVUUTT, the results 
os which are presented in Table 100, 
It can be seen fram the table 


that compression o> the crusher is 


independent of whether or not the 
plate is in contact with the orusher. 
This indicates that aftor the time of 
action of the explosion, only the transmitting plate is. set into motion. Hence it 
follows that in equation (59.2) M should be equated to the mass os the plate. 
Equation (59.2) establishes the rolationship between compression of the arusher 


and the impulse. 
Table 100 
Compression of crushers by impact. 


Amotol 80/20] 50] 1.2 
trotyl 0 | 1.3 |10 
Trotyl 50 | 1.3 }16 


By carrying out perzllel measurements of impulses and compression of 
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erushers, FOKHIL and SADOVSKIIT calcoulated, on tho basis cx equation (59.2), the 
resistance of the crusher for a variety of cases. Tt. wes established as a result. 
of this that R varies within extremely wide limits (from 100 to 2000 kz /on”) , 
rupidly inereasing with increase of the initial velocity of ‘she plate. Enis is 
mainly explained by the considerable increase im *": ° Rap PPETORYIOUTCeUMIES PORES 
lead whioh spills to the sides as a resvlt of repid. deformations, 

The initial velocity of tne plate . a da determined casily. Ac ording to 
deta by VERBOVSKII , by exploding a charge of wo... -.vh a weight of 507 ata 
density of .: 1.80 g/em®; the specitio impulse /.= 0.285 kq.seo/au. 

The velooity aaquired by tha plate with a diamcter of 4mm and a hoight of 
10mm (weight of plate 97.3g) wilL be, in the given case 


__ st 12,560,285 + 9,81 
Vo a a Ss 
97.3-1078 


where s ds the area of the plate in oontact with the explosive charge end 


= 362 m/sec, 


Mia the mass of the plate. 

The initial velooity af the plate also characterisos to same extent the 
initial velocity of deforration of the lead. 

Direct application of equation (59.2) for calculating impulses by data 
obtained from compression of lead crushers (or solution of the xeverse problem) 
presents difficulty, since the resistance of the crusher varies sharply with 
change of initial velocity of the plate and it dees not afford en aocurate 
determination. Moreover, the mass Min this oquation is equated to the masa of 
- the plate, whieh is true only up to a definite limit. If tha deformation wave 
efter the time of action of the explosion pressure on the plate has time to 
traverse & path greater than the height of the plate, then the mass Mis 
indeterminate. In this case there will be no conformance between acnpression of 
the crusher, caused by the plate being projected by the explcsion products, and 


compression under conditions of direct cortact of the plate with the lead crusher. 


SA/ 


This phenomenon can be observed. in experinents with oharges oF powesral oxil.o- 


sives -rith increased donsity ond particularly in the vresence of a trin tyonse 


mission plate. 


ae . ny “ *, 
POKUIL and SADOVSKII have shoves inne oquation (59.8) gives cdecuctely 


tests with compression of copper crushers, In ordo» to accomplish this test, the 
initial velocity of the moving parts of tho orisance meter aro corsicerabiy 
lesa thon the velocity of the plate used in tests casiicd ous an compression of 
lead cylinders, which is dependent on the considerebly greater weight of the 
mobile parts (1.25 kg) and tho lower magnitude of the tetal impulse acting on 
the piston: of the brisanes meter. 

Moreover, for copper crushers no toughening is observed. According to data 
by the above-mentioned authors, the wierical value of tho resiztanco Ry can 
be assumed with sufficient accuracy to be equal to the oritical point of copper 
(3500 ke/cn”) » and the mass Mis the mass of the moving parts of the brisance 
moter. Having uaed equation (59.2), the possibility is tia presented of 
determining the value of the imutlse acting om the crushor according to deta 
sonoerming ita compression. For calculations, it showid be based on the expori- 
mental resulta of brisance established by HYDE and ZELLE or KELYAYEV's methods. 

It. was established above that with standardised equimment conditions 
(constant plate dimensions) compression of lead cylinders varies linearly with 
charge density : 
eh (59.3) 

a 
On. the other hand, the relationship botween the apecifio impulse and the 


oharge density (for constant mass of charge) is determined by the relationship 
b= hyp”, (59.4) 


where n<l, and for trotyl' n= 0,70, 


SAD 


It follows from equations. (59.3) and (53.4) that 


AH Ay eo 
aa = (7 im == Gi", (50 5) 


if 
j.o. that with inorease in donsity of the charge, the compreasion oF load 
cylinders should inorease somewhat more strongly than the specific impulse , 
which is. verified by experimental data. Pig.-05 aepicts the relationship. 
between spucissc aiaiiso and cémprossion fu. vvyl cnarges with a weignt of 
50g. It can be seen from the graph that the compres... “nereases wit. impulse 
more steeply than according to a linear lav. 

Figure 155, Relationship between co.,cession of lead cylinders and 


apooific impulse, for trotyl. 
rn 
ar L 


. 4 2 
a6 asa Q32- d kg. Boo/an 


In addition to the methods described, the brisance of oxplosives is often 
assessed acoording to the rdsults of practical tosts of minitions-equipped with 
explosives(misailes, mines), whereby the intensity and nature of fragnontatioa 
of the casing of the ammuition serves o8 criterion of brisanca,. 


For these tests; the mmitdons are usually exploded in an armoured pit, 
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pa 


and the aasins fragments are collected aad serted out into definite ‘e~~ips 
according to weight. An assessment is carried out in cach group oi u... number 
of fragments ond by dividing by the total weight of ail fragments collected in 
kilogrammes, a number of figures are owtained,.4, 5 a2 4 4 esse. The value 
of theso numbers and their sur 

A= aay +ds+ vo 
give the whole :picture concerning tne nature and intensity of fragmentation of 
the casing. The greater the number A, the greater the prisanes.o2 the explosive. 
For this, however, it is necessary to assume that fragmentation of the casing 
depends not only on the explosive charge, but to an even greater extent on the 

; 

weight of the casinz,and dts auwe ond mechaiicc2 cusiivies. Seauuse of tho 
inevitable variations in these data, the mathod dssorived Zow dstomaining brie 
Banae ip oxoremely approxincic. 

Moreover, the xevtnod Gesoribed “or estimating brisance cannot Be admitted 
to. be accurate, since the brisaice effect of en exolosive atarze is determined 
not only by the intensity of fragmentation of tno casing, but also by the ldnetioa 
energy acquired by the fragments as oa result or the explosion, As a consequence 
of this, additionel tests of mmitions are sometimes carried out oy exploding 
them in o cirole of. targets(sectoz's). 

This method consists in the following: around the device to be exploded 
are disposed a@ number of wooden pemela to definite specifications, in concontric 
circles with radii equal to 10, 20, 30, 40, 50 and GO metres. After the devices 
have been exploded, the number of fragments are determined wiich nave ponetrated 
the panels and the number of framnents enbedded in then. 

The brisanee of the explosive is assumed to be greater, the greater the 


wadius of strike of the fragments. We nota that the results of -ne test in a 


circle of tergeta characterizcs to a greater extent the fragmentation effect of 


ZAY 


Patni, 


thé ammunition ultopether, than ths prisance cffesot of its explogiva charnrc, 


since in a number of oa. (fon ox ww16 You tveniriclontly txbick end insuf - 


ficiently strong casts... “sic radius of strixe for a more bricant ox losive 5 


a3 a consequence of the more severo Praymeatation of tic cusing, may appear to 
be less than for 2 less byrisant explosive. 

nt 
v. 


> ae 
2 tL es 


ra 
ba 
Be 


A more wibtased ouan te Peecme Atavion 
impulse, acting as a result of an explosion on the lateral surface of the case, . 
sinoe the predominant riass of Svagaents is formed as a result of shattering o2 
dass tho oylindrical portion of the body of the arnmurition, The initial velocit 7 
of the fragme:.ts , for approximately the samc conditions, is extircly detex 


mtined by tho specific lateral inmulse 


Bao, Caloulation of the Lzyulses acting on the Lateral Surface 


the Oharso Gaze, 


The question of distribution o2 dnuwises slong the Leteral surface o2 
a charge wag investizated by ZAUN and SIMAUNOVICH, 

In order to elucidate the metiod of calculation we saall consider to 
problems, 

Problem I. Suppose that « detonation be initiated tn the section «30 
of a cylindrical charge, »laced in an infinitely strong tube, open 2% both ends, 


The length of the charge is !. The cross-sectional area of ths charye is 


wea oe 
s=1.,.As a result of this, a rerefaction wave originates sito tancouslys 
with the detonation wave in the section x=0° Both these waves; os is wolle 


Imovm, are described by the equations : 


aly 
S 
| 
i> 
ll 
| 
we] 
occ 
Lay 
is) 
t 
~~ 


whence 


i=, 


alo 


D x 
a) Cyt (60. 8) 


Ni 


We shall call this rarefaction wave the first warefaction wave,' 


The pressure in tis wave can be determined fron the relationship 


a(t) 9 
B=(z): (0.5) 
where 
Dt "3 
PoE, CGD... (60, 4) 


« 


Substituting in equation (60,3) the value of .c; from (62.4) and the value of 


¢' from (60,2),-we obtain 


4. he vd 
serpy, baa a 
ry Aw a/ (30. 5) 


at the instant {mary Thow of tho dutenstion svoducis commences dia the seotion 
4eal 3 @ gogond rarefaction wave originatess Tho motion of this wave is deter= 


mined by the general solution of tho gas daouic equations : 


aeons 


kms (u—c) t+ Fy (ua — 0). (60,6) 


‘The arbitrary functions ‘fF, ae F, on ‘be determined from the condition 
that for xml’, Ol'=', As a remlt of this, 
1} 3 i 
I=(Z0+42)5 +F, (ute), 
lea (u— 0) at Falu—e), 
and hence 
Fi=0 ond Ay Zicenoe 


For the second wave, consequently, we have 


and 


The precsure in it is detemmincd by the relationshin 


1 eS Sol 
p= (z) Fb ity * (30, 9) 


Tuls wave 15 propagated through the caus of variable density ane its front 
noves according: to tho lay : 


Di 
i>, (80. 10) 


I 
tcf 


x 


which ds deveined from tic condition of simiultansous solution of equations 
(60,1) ana (60.7). Hence; 14 is obvious that both warefaction waves moet in 
tho section x at the instant of tine 


t= ¥ . (60.21) 


the speoific inpulse in the arbitrary section O<*<!/ of the lateral 

eurface of the charge will be . 
t » 

‘=f ” aut f pil (80,22) 

where - =z, » pi and p, are deterninud fem equations (60,5) ond (60,9), 


On integrating, we obtain 


ly _ 3 3am . a(l—a) (36 = 21a) 
[nat ofa (i a +3 a In 222 4 Slice), 


Ig a4 e 3— 22 1 
[ natn ilisciag + 0 ole Niny —3=E}— 


l1—a} 


—6a(1— et) in ) — aaa) + FH, 


. 
where @= ona ibe 32 fi Sim = Fy iD ic the specific impulse on the end 


surface of the chargzo, Henec, 


as 


i= [1+ 6a(! —a +ein + 


4 60(1 —-2) (Qe-— 1) IneS=2 3—2s 


a= Wa)" (30,15) 
Oarrying out ‘the calculation for different sections of the lateral surface or 


tho charge, we obtain ; 


527° 


rn ; ‘ ays 
i= ics 8 =0. 1254, 
ww 


= ES UG 

anny i= 048i, 
3 : 

a= = 0.445, 


Oa analysing these results we can arvive at the conelusion that the mosdaum 
imalse is attaincd in the section *=0.7l, , ing. at tae lace where appromd- 
mately the tvo ravefaction waves nesy 

Problem IT, Suypose that cctonaticn is initiated in the middle section 
of a oylindrioal cnarse wlaced in an infinitely strong tube with oven onde: 
Let us consider tho impulses which will act on unit lateral surface of the tube, 
at different distances from the detonation roint ‘this problem is ocuivalent 
to the case when there is a wall in the mid@le section, so thot at the wall 
50. 

Tho detonation wave within the interval of tine + <x< DI 2s charac- 
terised by the ecquaticns 


> 


uteoms, w—c=a—5, (60,24) 
whence x oO x D 
wep P= ay 
(G0, 15) 
We shall oall this wave the first wave For this wave 
fi 8 ¥ 1\3 
o; Ci +3) ‘ (60.16) 


Within the timo interval 9.¢ ae (seo para, 43) 


B 
waQ, 6p (80, 17) 


Wo shall call this wave the seconé_ wave. For this Wave, as is well-known, 


Pr 8 ‘ (60,18 
i 2° ) 


At the instent of time ‘#—= 5 i, 4s the ddetance fram the wall to the 
end ef the oharge) flow of the detcmation products commenves in the section 
ot Do Ly e The rarefaction wave originating as a result of this, as shown above, 


is desaribed by the equations 


inten 4 aren dere! (60-19) 
whence - 
‘#4 Dam ‘Dpee—£4 | 
We shall call thia wave the third waves For this wave 
#1 oy 
; maa uk 1 (60.21) 
The wave will move soonrtsn to the law 
gee tO, “ (60.22) 
The weak discontinuity in the detonation wave ‘will be moving according to the 
, 7 r= F ‘ 


(60.28) 
At. the Anstant of time Hebb » and inthe seotion , wate » the 
rarefaction wave will meet the weak discontinuity dividing the detonation wave 
dnto two different regimes. This. is established fram simultansous consideration 
of equations (60.22) and (60.25). A new fourth wave originates, whioh ia a 
Riemann. wave ' Lah const). This wave is: desoribed by the equations : 
. | a -e=sconst wad june DF. - (60.24) 
At the comdugate point of this wave “with the week discontinuity we have 3 


‘ Jam), "on 2| or 10+ pm. omaty 


whenoe | BES FOTF 4 
,o ee 4 . 
‘  eaaul whem | 4. (60.25) 
-anad cansequently,. . mone 
ln p (eysiete Pore 
em elet oer Fl! Bez) (60.26) 


The right hand front. will mave according to the law 


xa (60.27) 
and the left-hand front will move according to the law 
| cagl-%, (60.26) 
For this wave we have 
| Amd ls pea: (40.29) 


Tn the seation’r=0', at the instant of time sa! , xefleotion of the 
rarefaction wave fran the wall takes place, which ia described by the equations 


xm (etottFiluto, soit Alene (60.50) 
The function F, ia datermined by the expreaaion 
; 
a& @ consequenca of which wo oan write that 


| xem (u— cj t+ Haro, (60.51) 


t—i 


4— c= D7. (60.52) 


, . Di—-(u—2)! 
=——~—p 


whence 


In o sdmilar mamer, by substituting .«: by—xend (4) by|—u, we obtain for the 
left-hand end{of the charge) 
‘ “ ¢= D x u ‘ ° 
+ ©, DEI (60.58) 
For the wave reflected fram the wall, equations (60.54) and (60.38) give 
. 
amDaA7, ¢e=Da—z ". (60.54) 
We shall call this wave the fifth wave s It moves acoarding to the lar 
my oes 
Fey oah ‘ (60.35) 
Which is established from a camparison of equations (60.55) and (60.25) . For 
this wave we have 
Lo be Ly | 


Py 7 4 (60.56) 
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Tet us now consider the region : Oceezl. e Fox the arbitrary quantity 


‘in. this regiom, the pressure impulae ia calculated acoording to the formia 


. te & 4 oo 
i= frdt+ frdt+ frit f pat, (60.37) 
«ty ha u- J , 


where : , - 


‘Or wu —2e Aloe 
ak rt en a (60458) 


In the region /<x<i' , the impolee is detexmined by the formile 


or nF %, oD 
= fadt+ fpdt + frat+ f rat (60.59) 
Cw 4 4 i 
where ; a 
y af — 2x | Qn, Soe” 
hap aa hep Aaa (60.40) 


Carrying oub the caloulation, which we shall omit here, we obtain finally 


“ 


4 wn fy (HOt Be IE 31 a) in LE + Sain], (60542) 
whioh gives,fser 
a=) demi, 
7 $0.94, 
ay 1 0.B1éy 
3 t= 0.64%, 


Expression (60.59) gives r 
ac=1 i=0,264, te 
On analysing the results chtained, we see that the impulse begins to 
fall, in the direction fran: the wall to the end af the charge, and that initially 
the fall is slow end then becomes mare rapid; 
For a given mass of explosive, the presenos of the wall may inorease the 
impulse by a factor of two (aince the wall jis equivalent to twice the mass of 


explosive). 


S3/ 


Figure .156 shaws the distribution of specific impulses along the surface 
of a charge, cotadned fox various methods af initiation. Curve 1 depicts 
‘i=i(a), for the case of detonation from the walls Gurve 2 corresponds %o the 
gase considered in ProblemI . Here, the impulse is converted for convenience of 
oompaxisom for the doubled mass ( the true value of /:4s less by a factor of 
two). Curve Sia xelated to the oase of detonation proceeding from the open cnd 
of the oharge to tha wall, The totel impulses (/):, acting om the entire lateral 


surface of the charge is 
t 1 
Jen QnRy | idx=InRol | ida, 
6 { J (60.42) 


where R, ida the radius of the charge. If we assume that unRy=1 ., thon the 
Figure 156. Distribution of imulaes corresponding calculations give, 
along the lateral surface of a for the case of detonation proceeding 
oharga. fran the wall, /=0.764!. , for 
instantaneous detonation in the 
presence of a wall’ [=0,77icl, for 
detonation of the charge in an open 
tube -©/=0.660/ ', and for detonation 


QI A? Os OF O5 OF OP OB OD ee proceeding towexis the wall, 
[ = 0.BAidl. 

The latter case 1s equivalent to daible-eided initiation of the chargo, 
sinae the collision of the two contrary waves is equivalent to a reflection of 
the travelling detonation wave from the wall. This method of initiation is thus 
the least advantageous of ell those considered. 

Sea « Determination of the Velocity of the Fragments 


saattered. from the Lateral Surface of a Charge. 


Under conditions « normal oharge detonation, part of the totel enorcy 


s3r 


is found in the form of kinetic onergy of the detonation products. After can 
pletion of the process, the ratio of the kinetic energy: Ex to tho total onergy 


‘Ey 18 equal to n= Zi = 0.102 . 


STANXUXOVICH showed that if the charge im enclosed in 4 tube, alosed at _ 
both ends, then even after double refleation of the detonation wave from tha 
walls, the parameters of the detonation products differ by 2% less from the 7 
* parameters of the produots of an inatantaneous detonation. 

When the explosive charge is enclosed ina case, the masa. of which is 
greater than the mass of the explosive charge, then in order to calculato the 
velooity of the fragnenta it is necessary to use the hypothesis of inatantencous 
detonation, since reflection of the waves occurs several times prior to the case 
heing significantly stretohed and before the fragments, formad.as & consequence 
of this, commence to fly aparte 

The expansion velooity of the case u ,in the case of complete closure of 
the ends. of the cherge, if energy losses are negleoted (expended on deformation 


of the casing), can he determined from the onerzy oquation 


E 
Mit =m (QE) =mQ(1—Z), (64.1) 
where M:is the mass of the case, m. is. the mass of the explosive, £, -is the . 


kinetic energy of the explosion products, ena 'Q'is the heat of explosive 
M 


transformation of unit mass of explosive. For a >i, ES 1, and it can 


he assumed. that 


aye V 2H (64.2) 


Sines the velocity of the detonation wave, om the average, is equal to D=4VQ, 


it can be assumed with euffiotent agcuracy that 


iy Re (o1.5) 


For example, for M45 and (D = 7009 u/seo, Bede and welI65 u/sce. 

In tne case of a thick casing (M > 1) » the cnergy expended on duform 
mation of the casing becomes considerable, which must be taken into acest in 
relationship (G1.1) ; in the contrary case, the difference’ between the colculeted 
and measured velocities of the fragacnts will be substahtial, 

We shell now consider how the aifference in velocities of tho cssing or of 
the fragments may be observed, if the easing is. consideited as whole for the 
entire time and if it be assumed that it previously consisted of fabricated 
fragnent-clements. This problem was solved by BAUM and STANYUKOVICH. 

Ta the first case, consideriig a hoavy casing (Z>1) ana applying the 
Law of Conservation of Momentum, we oan write 


du du du__sdudr du 
. M 37 = Mu 5 = Sp aaa a (61.4) 


whore s dia the"ourrent''area of the lateral surface of the aylindrical casing. 
It is obvious that ~ 

$= 57) (61.5) 
whera gs) is tho initial area of the latoral surfaso of the cylinder, Since 


for the initial atage of expansion of the detonation products 


pv = p(nril) = const, (61.6) 
then for /= const 
p=pi(Z) =F (2): (@t.7) 


where 2, is the initial preasure of the explosion products for instantaneous 
detonation. 
Substituting the values of a and p in equation (61.4) we obtain : 


A 
D3 rm\s DI 
Mu Sp =e sepl'e) = 78 


er) 
(m1 = nti lpy = 2 repo ‘e is the mass of the explosive charge ) or 
da Dt m rh (61.8 
THR 
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On intsepratingy we arrive at the following expression for the velocity of 


, : 
tne easing : 


7 


s-iV BET (a) 


* 


for ' hee 1 Vz, 
r-roo pF a 


(G1, 10) 
igc, os wo should expect, we have arrived at expression (51,3). 
In the second case; ,s==5o and therefore integration of equation (SL. 4) 


Leads t the following resalt : 


a1, / 2m Poe] (61,12) 
i} Vz [i (2)]. 
which for 00 gives : 
‘ uy fou Ee (61,12) 
Tua, the ratio of the velooitios is 
“L =z V0.8 20.9. (61,13) 
pee , 


This insignifloant difterence in the velocities is explained by the fact 
that the main part of tho velocity of the oncing or of the fabricated fragment 
elements obtain at relatively small yolues of Ar=r—r%, , ainoo the 
pressure falls inversely proportionally %o w (pv ~ prt == const), 

Tac relationships obtained above for the main vart of the casing oF the 
prefabricated fragment-olements also hold good for detonation of explosives in 
a long cylinder; open at tho ends. For a long charge, the lengii of which 
is several times greater than its dinmetar; the elements of tis Gusduc, vedi 
sonewnat remote from the ends of the charge, are able to move to a considerable 
distanoe before the axial rarefaction wave is able to penetrate into the 


depths of the charge. 


Let us consider ‘another limiting case; when the length of the oylinde» 
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ah onca ends is small in comparison with ite diameter or is Glose to the 
Gintiete. Ut is obvious that as a result o. wits; before the easing (or 2rucgannts) 
is moved to a significant distonce, the pressure has already fallen sasrly; 
in orcer to caleulate the velocity therefore, the following ‘equation can be 
used : 
Mu=l, (62.14) 
Viere /is the imulses 
[= Aine, (62.15) 
tao cuantity A is chosen as o function of the oross=-seotion of the tube and 
fais the lenmth of the charce, 


4% te woll (or in the centre of the charge), A= 1 (or A='h). 


- bas mD, 
4= 3 “(61,18) 


aen 
64m, 4. 
5 =F M7 (61.17) 


ie 


Por evanyle, in the ease of detonation proceeding from tne wall for 


= . a ) sans pt ” 2 apy . 
Zl. fap o-7? veial., for Ds 7500 n/seo, gives u:= 270 1/sco, 
In tre case of a long tube for T= > “eet » Walon, for 

g 


D = 7500 x/sec, gives ‘uy, = 910 m/sec 

Tous, change in iength of the tube leads to a change in velocity of 
a factor of 1.7444, = 

- . ro M * 


Iy now remains to consider tho general oase, o Le: to explein how with 
Gime of lenztth of ‘the tube, the velocity of the frapmants is chenc cod, As 


GuwVS,y we skoll apply tho hygotheais of anstantaonecus detonation, ari wo 
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chery att the eslewlation for fraguents formed Prom the middle portion of ta 


Bry 
peverery 


Tac mecclnction weaches 


the charces 


Assuming that the cucing in the first stage (up to acrivol of the rare- 
faction wave) is ne ttered into fragnents,; in order to caloulcte the motion 


We ashy Sorazla (61.5) ; 


s-i/ Bl EN: 


we ‘ - as bo r . - ra . ntyaeaet any 
Seance unt. y. thea, invroducing ho ane teas y We aive at the 


intesyel 


ss me 
J Vat 27 aM (62,29) 


4 
‘ dh . . 7, ar ae 4 ay. 
rot=0, A [y= con be presented in tho form cP on clit. 


ase wile antegval by the 


*c sufficient for our puryose te ayoroxis 


i 
a 


° h 
Aa dd 
= a (AP 1)8, 
fyi _ 


From equations (61.19) and (61,20) we have 


1 
=(1t+ e788 fon, 22) 


Tv is casy to aevive at the ecnelusioa thet the linit ting velocity of PLAY 


oe fragnenty is 
- Slim dhe | cn 
Dad” BY om’ (or. 23 
. ah ont 


. oorvesvonais to the velocity determined above, 
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For largo valucs of M, expanding the expression in powers of 1 » We obtain 
fatont HT4m) BAH soo) (61s 24) 
for f-»co Salant he p=t: 

It is obvious that for Men0 , » tho impulse of the projeoted body Tm, 
for M->oo feo Mu age Ae mu’ for t “soo ue ot 3 and consequently 
! = mD, 3 whioh, as we sotabidahed earlier, corresponds to the total momentum 
of the detonation products as a result of their dispersion, 

We can see that for large values of MY, the absolute term is absen% 
from the relationship between ‘¥. end 1 é in order to determine the relationéhip 
between /.and.n,'s it le necessary to expand I with respeot tein | up to terms 
containing 1" . 

On carrying out the caloulation for 4, and /, we obtein,: for t+ 00, ; : 

BAP Tay MDL — 9). | 
In oonolusion, we shall show that if the detonation products are dispersed in 
all directions (detonation of an open ohargo) , then the relationships: wiiah .wo 
have derived will hold coodif by the quantity "mass of obarge"’ m wo understand 
the mass of its active portion im, «' 
Table 102 


Comparison of experimental and caloulated velocities 


of plates, projeoted by the explosion of explosive 


idl aa ‘ 
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The results of the experimental investigations verify the theory which 
tos been developed quite well, as oan be seen from Table 101, in which com 
yerisons are made of the experimental and caloulated (calculated according to 
celationship (62.15) ) velocities of plates in the case of a charge of phileg- 
tatized hexogern.’ The charge was installed in a thick steel tube 
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CHAPITR XI 
cumuLarion * 
5 63. General Introduction 
The oumlative effect 1s a substantial increase in the local effect of an 
explosion. This effect is obtained by using charges having a recoss at one end = 
the aumilative recess. If such'a charge be initiated from the opposite end, then 
the brisance effect in the direction of the axis of the recess turns cut to be 
considerably greater than that resulting fran normal charges. It has been estab= 
lished experimentally that if the surface of the cumulative recess be oovered by 
a thin metallio casing, then the armourpieroing action of a cumilative charge 
is dnoreased many times (Table 102). 
Table 102 
Effeot on armour of normal and aumlative charges. 


Oharge oharaoteristios. | Nature of deformation 
_of obatecle, 


Solid, oylindrical;height Armour plate, Indentation 
.18Om, diameter 65mm thickness 200mm 


Ditto, with cooniaal re= "Crater", with depth 
cess, Without casing =Ditto= 22mm 


Ditto, recess has steel 
g, thiclmess 2m ~Ditto- Through-punoture 


The inereased local effeot of charges with recesses. has been known for 
more than 100 years. Bowaver, for a long time no proper attention was paid to 
this phenansnon and qumiative charges were not used in military and peanefy) 
teahnolagv. 

The first systematio investigations of the phenomenon of cummlation were 


M% The generally accepted name for this phenanenon ia charge shaping, and the 
effect is lmown as-the shapedeoharge effeot 
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carried out during 1925 - 1926 by SUsHAREVSXIL, who established the relationship 
between the armoumpiercing action of ammilative oharges(mithout. casing) and the 
shape of the recess and a number of other factors. 

Cumilative charges attained wide practical application only during the 
period of the Second World War. These charges ware used in anumition end in 
demliticn agents designed for combatting tanks and fortifications. 

Cnly diuring the years of the Second World War were serious. experimental 
and theoretical investigations of amulation initiated, The most outatanding 
work, in this field is attributed to Soviet Soientists (POKREVSKLI, LAVRENT'EV, 
et al ). 

The structural hydrodynamic theory of aumlation, based on acarrate phy 
sical ideas, was worked out in 1645.by LAVRENT*EV and imiependently also by the 
4merican solentista TayLor,and Raechelberger et al. 

On the basis of military experiments it aan be concluded that oumlative 
munitions are effective agents of attack against armoured targota and engineering 
structures, They have also found wide application in technology, especially for 
extraction of petraleum. 

The atudy of this problem mist necessarily commence with a study of the 
amuletive effect in a pure form, i.e. in the absenos of a metallio ossing en 
the surface of the recess. 

With the use of normal charges (not having recesses) we are ooncarned ex-- 
the divergent(chistly apher saad} expicsican 
products and shock waves. The charaocteristia feature of auch motion ia the 
vapid decrease of the basic gas parameters (pressure, veloaity, density) pri- 
marily as & consequence of the anergy distribution af the explosion with rea- 
pect to the mation of the detonation producta and of the shock waves in a 


continuously inoreaging spherical volume. 
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On the contrary, as a result of the motion of the convergent atream of 
detonation produ.. ur of the shock waves, a .unsiderable inarease of the para- 
metera of the medium occurs. The specific feature of such motion is the sharp 
incroase in the energy density of the gas, which in its turn leads to a con- 
aiderable increase in t.. local destructive effect of the explosions Similar 
motions are attained as a result of the explosion of speoially-shaped charges = 
amulative charges. 

Tas, the oumlative effect consists 4n the fect that it 1a sssociated with 
a considerable compresaion of tis detonation products, an inareese in their 
preasurs, and also with a oonsdiderable inorease in energy dehsity of the dis- 
persing detonation products, ag well as in the shook waves. criginating es a 
resilt of the explosion, 

A apheriqal,oomvergent shook or detonation wave servea as a classical ex 
ample of cumulation, Presgures of around a million’ atmospheres may originate at 
the centre of convergence of such a waves thie farm of cumulation, in perticuler, 
oan be realized by the use of hemiopherdceally-shaped chargza with aimilteneous 
initiation of explosion over the entire outside surfaces However, the entire 
cumilative effect in the given case will be oentred inside a cavity = in the 
zone adjacent to the centre of the sphere. This form is purely redial amulaticn, 
which may find an extremely limited practical application. Nevertheless, it 
ie of great solentific interest, since as a result of its consideration, certain 
features. sre reveaied which apply generally for the cumlative effeot aa a 
whole. 

The moat important practical significance is that of directional axial 
emulation. This form of ourulation oan be achieved by exploding charges having 
a recess of me shape or enother (hemispherical, conical, paraboloidal, hyper 


boloidalyeta). Axial cumiation ia dependent on sampresaion of the detonation 


SYS 


products. and their acsoeleration along the axis of the recess. This form of 
oumlation, in contrast from radial ocumtlation, is always assoolated with the 
formation end direotional moti of the so-called aumlative jet. 
G64. Dispersion of Explosion Produata fram the Inolined 
Surface of a Charge. 

In order to wetermine the conditions for the formation of a cumlative jet 
as & result of axial directional cumlation, it is necessary to consider first of 
all the fundamental laws of discharge of the detonation products fran a hollow 
cumilative recess, which in its turn leads to a review of the problen concerning 
the flow of detonation produots fram an dnolined plane, i.e. it leads to the 
study of detonation of a linear charge in the case when the detonation wave 
epproachea the surface of the charge at a certain angle. 

In analyzing the GQiagram of the dispersion of the surface layer of the 
charge as a result of an inolined detonation wave, it can be proved that the 
main portion of the energy of thia layer is radiated within quite a small angle ’ 
the bisector of which makes an angle 7 with the normal tothe surface of the 
charge, depending on a (Fig157), where 4s the angle between the detonation 
wave front and the surface of the oharge. On the average, more than 70% of the 
energy of the surface layer is radiated within an angle of 107 : 4a 15° for’ 
ene 5 tat for et, 

We recall, that in calowlating the dispersion'of the detonation products, 
resulting fram PRANDIL « MEYER's solution, we are correct in speaking only of 
the dispersion of the surface layer of explosive. Dispersion of the deeper 
layers will not conform with the law quoted; with dnorease of thickness of the 
charge, the thidkmess of the surfece layer to which this solution applies, is 
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dnoreased, 


Pigure 157,' Dispers: on of detonation _ Theory, ag well as experiments, 
produots from en inclined plana shows that the surface layer of a cumi- 


lative charge carries the main portion 
of the energy expended on destruction 
of the obstacle. 

We aball analyse in detail the 
detonation of an extended linear charge, 
The experiments of POKROVSKIT and 
DOEHCHAYEV are in complete agreement 
with theory and have shown that the 
maximum effect on an obstacle are 


exerted by the detonation products 

making an angle of 7 = 14° with the normal to the mirface of the charge, Since 
the main portion of the energy of a linear charges is concentrated within a small, 
angle; thon 1¢ 1s possible to construct geometrically the fronts of the disper 
sing detonation products of auch a charge, given by eny..equation, le a charge 
having the form of any arbitrary curve, Conversely ; 1t 19 possible to determine 
the equation of the linear charge which produces at a given distance a given 
surface for the front of the detonation products, 

Great interest is presented by a linear charge having a "Pi*=shape 
(Fic. 158).! If mich a oharga ha initiated at one of the anfay. for axemmle at the 
point 0, then the following takes place: the front of the detonation products, 
proceeding from the line OA through an angle 1, and the front proceeding fron 
the line 4B through the seme angle; meet along the line O'4 ; as a remit of 


this, ZOA0'm-1 +7, Similarly; we obtain the line O'B for 4B and BO; and, 
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finally; the line of encounter O'8 for OA and BO,’ It is obvious that the 


point O' has the coordinates _ Figure 158, Detonation of a "Pi"= 
x = AB cos? (45° — = #1 + sin 24); . ahaped charge,! 


y= oa—* cos 27. 


If this charge be placed on a 
motalliio plate, then maximm defor 
mation of the metal will be observed 
just along the line A0*i; O°B and O'R, 
It is obvious that by measuring the 
angles QAO"); ABO’ and the coordinates 


of the point 6':, the angle T oan be 
aetermined with a high degree of 
accuracy , and also the quantity 2m, since int ¢ 3 da the Mach angle 
in the given problen ), 

Suppose that the maximm aotion of the detonation products 1s mving with 
a velocity i... Then, as a remit of the detonation of the linear charge; the 
surface of propagation of the maxima will have a rectilinear shape,‘ Since it is 
an envelope aggregate of the individual waves, then its angle of inolination to 
the surface of the charge will also be the Mach angle, 

It ahould be noted that here 4 ie not the veloolty of the particles; but 
the velocity of motion of the maximm itself, which is several times less than 
the velocity of the particles. 4 similar case couurs with the one-dimensional 
cispersion of a gas issuing from a flask, when the velcoity of motion ¢,., is 
‘4 =e tut the meximm veloaity of the particles is 


€:37—1 = 3y—1 
Bax = 5 1+ = AT 


Which for y==3 gives a,.=2i, 
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It is obvious that the very olear and sharp zone of acthon of the maxima 

(pu”) : gives the possibility of focussing the stream of detonation products, 
This is possible as a result of the following conditions,’ The detonation pro= 
ducts, proceading from the different points of the detonating surface should con= 
ryerge simitancously at the fooal pointy’ consequently, the front of the conve 
gent wave of the detonation products whould be -splierical; and the angle bese 
the tangent to the surface of the charge and the direction at the focus is oon= 
stant. We shall derive the equation for such a "oumlating" surface, First of 
all we shall conaider the plane problem and we shall derive the equation of the 
"cumilating" airve; giving a convergent circular weve, We shall arrange that the 
origin of the coordinates is at the focus of this curve, Suppose that a detoriation 
be initiated at a certain point O (Fig,159). Then, from the principle of tmto= 
shroniam (Fermat's Principle) we have 


GA +2 = const, 
a 


Hence; for the length of the aro OA Eigure 259,' Polerographie spiral.’ 
we obtain the expresaion 


Ld 
~0bm ff r+ (Z) dp=(OF— Aro =2in—n, 4 


(64.1) - 
where 4 is the velocity of motion of 
the maximim of ection. 

Differentiating expreasion (64,1) with respect to ?, we obtain’ 


are 
Poff By i (64, 2) 


Solving equation (64,2); we find 


(64, 5) 


We have obtained the equation of ea polarographic spiral 

By forming the surface of rotation(axis of rotation OF); we obtain the 
cumlating surface, giving a convergent spherical wave. As is well-imown, a 
polarographic spiral satisfies the condition that : the angle between the 
tangent at any point 4 and the radluseveotor is a constant value. 

It 1s obvious from the construction that this angle is equal to: 90°—7, 
and that 90°—1= 180°— (a+). , where.c da the angle of slop, of the 


tangent, 
Hemoe, 
7=a— 90°-+- 9, 
‘Sinoe an ad 
=~ ge ! : 
ten (90° — a) == 008 @ x= ==tanfarotan — |= taal —(p+-1)]. 
; 7 eet) . 
then 


, 
r 
arotan ~ =e — 7; 7ST 


but, aa we have established 


therefore 


: (64.4) 

fms, the besio relationship for a reotilinear charge alco holds good 
in the case being considered,’ The polarcer.gnio spiral is the only ourve whioh 
as a result of focussing the detonation products, similtanecously possesses 


the property of tautochronigm and the property of directing from every ele- 
ment of its surface to the focus; the detonation products with preoiaely 
identical parametera through the very same engle,! Experiments with detonating 


coml give good agreement with theory, For detonating cord 
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u 


——- y= 14, 

The maximum deformation of the plate on which rests the spir,l made of 
detonating fuse, occurs. at the theoretical foous of the spiral to an accuracy 
of a few percent. 

The "volume" charge, formed by rotating the polarographio spiral round the 
axis OF and which giveu a ednvergent wave fron the detonation products is of 
great interest from the prinalple point of view, since such a charge with 
sufficiently large dimensions will oreate extremely high pressures at its focus, 
which may attain a million atmospheres. The initial average pressure of the 
detonation products is equal to 100,000 atm. 

The surface formed by rotation of the polarographio spiral will be ‘the 
“amulgtive" surface of the oharge guaranteeing simultaneous focussing of tho 
detonation products anly in the case when the detonator is located close to the 
point O. If the layer of explosive between the detonator and the aumulative 
surface(at the point 0) is of sufficient thickness, then the shape of the 
amulative surface already oonsidered will not possess the specified properties, 
since it will no longer satisfy similtaneoualy tautochronism and dtacharge of 
the detonation produots through the specified angle to the surface of thd oharge 
(for a speoified angle between the detonation front end the surface). By cutting 
out *.a. portion of the oharge, formed by rotation of the polerographio spiral 
(fox example through the plane NN), we obtain an actual cumulative charge which 
is capable of guaranteeing an extremely high pressure in the zone of convergence 
of the elementary jets. However, the armoumpieroing oapability of a charge like 
this will be small; this is explained by the fast as a result of its detonation 
the normal cumilative axial jet action aden not develope, Thia problem will be 
considered below in more detail, 

The theory of an open aumilative charge , guaranteeing. directional axial 


cumlation, presents considerably greater diffiaity then the theory of a 
closed charge, since the stream of detonation products will possess not central 
(point) symmetry, but axial symmetry, which increases the mmber of independent 
verliables of the problem by ene. However, the laws established above enable a 
number of usefiwW. qualitative conclusions to be dram relative to the nature and 
process of formation of a cumulative jet and to oarry out certain approximate 
calculations of ita parameters. 

Process of Formation of a Cumilative Jet. It was esteblished sbove that 


the main portion of the energy of the detonation products, adjacent to the 
boundary of the exploded charge, is radiated within a small angle, the bisector 
of which forma en angle 1. with the sumface of the charge. Hence it follows that 
for discharge through the surface of the cumtlative receas, tho detonation pro=- 
ducts will deviate from their initial trajectory, so that the maximm effect 
will be in the direction almost perpendicular to this surface, Abnormal refraction 
of the detonation producta ocaxus and a ahock wave front is created ahead of 
them. AS a result of this motion of elementary jets, a stream of detonation 
Pigure 160. Formation of a Cumilative Jet. products will be formed, converging 
along the axis of the coumuative 
recess and possessing inareased 
density and velocity in relation to 
the detonation produots, which are 
dispersed in other directions, The 
prooesa of formation of a cumulative 
jet 1s shomm diagrammatically in 
Fig.i60, 

Individual elementary jets will 


move normal to the surfans of the 
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recess only in the vicinity of the recess itself. As a result of the further 
motion, the jets are straightened in accordance with the general laws of ges 
dynamics. At a oertain distance fran the base of the recess, maximum compression 
of the coumilative jet .akes place, This distance F alao determines the point 

of looation of the so-called cumulative focus. At a distance exceoding the fooal 
distanoe, the cumulative jet rapidly degeneratea as a consequence of the 
radiel flight of the detonation products, which are campressed to a high pressure. 

It is know that the cumilative effeot is manifested quite clearly only in 
the immediate vicinity of the charge, Wath inoreeaing distance fram the aharge, 
the cumiletive effect is. sharply reduced and then dies out completely. It oan be 
concluded from this ‘that the ection of a cumlative charge is conditioned princi- 
pally by the shook of the detonation products(cumilative jet), which, at olose 
distances fram the explosion focus , possess a considerably higher density than 
the density of the air in the shock wave moving ahead. of them. Even for normal 
discharge of detonation products, as we established in Chapter IX, the air dem 
sity at the shook front is approximately 20 = 56 times less than the density of 
the stream of detonation products. The difference in the densities of the air 
and thy cumilative stream is even nore considerable. 

Thus, we arrive at the conclusion that: by studying the phenamenon of aumu- 
lation, it ia necessary to pay particular attention to the carsideration of thi: 
motion of the explosion produots, and. especially to that portion of them 
which, in particular, forms the mumuilative jet . Problems associated with motion 
of the shook wave are of secondary importance in the given case. 

Results of experiment have showm that the maximim veloaity of the oumile- 
tive jet (the velocity of its leading portion) for high explosive. charges 
amounts to 12 ~ 15 kn/seo. The fecal distance depends first and foremost on 


the shape of the recess : the less |. the curvature of the cumilating surface, 


o 
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the less is the refraction undergone ty the explosion produots in discharging 
through this surface and the less is the corresponding fo".1 distance. 

In principle, the recess can be assigned such a shape that the cumilative 
focus will be located at a @istance exoceding the zone of direct action of the 
explosion producta, 

In this particular oase, the cumlative effeot will be chiefly dependent 
on the convergence of the shock waves. However, the aotion of similar cumila~- : 
tive charges will be considerably inferior to the action of a normal cumulative 
aharge. 

The focal distance for a given shape of recess varies in relation to 
the detonation veloolty of the explosive oharge, We shall analyse this situation 
by the example of a charge with a hemispherical recess, If the detonation wave 
arrives simultaneously at the entire surface of the hemisphere, then the au- 
lative focus will be found only a little beyond the centre of the heni- hem~ 
sphere, The nonmcoincidense of the focus with the oentre of the hemlgphere is 
explained by the fact that for axial cumilation the elementary Jets are streigh~ 
tened according to its proximity to the axis of the oharge. The simultaneous 
arrival of the shock front at the entire surface of the recess, obvioualy,' is 
possible only for an infinitely large detonation velocity. Henoe it follows 
that the lower the detonation velocity of the explosive charge, the greater is 

the corresponding focal distance. — Tis circumstance is one of the reasons 
for the considerable decrease in the cumilative effeot as a result of detonating 
cumlative charges of low-brisance explosives (ammonites, eto). 

For a given shape of recess ana given properties of the explosive charge, 
the focal, distance can be varied by introducing ingide the charge specially 


seleoted "lenses" of an inert material; or of another explosive, These “lensea* 
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enable the detonation process to be directed, tims ensuring in partioular, 
similtencous arrival of the detonation wave at the surface of the rocesiie 
Figure 161 shows charges with “lensea"s In case 4 , regulation of the time of 
Figure 161, Oumilative charges; with arrival of the detonation wave at the 

| Lense fs surfeoe of the reoesa is ensured by 
changing the direction of the deto= 
nation front ; in oase 4.4 the leno is 
of en explosive with a lower detonation 
velocity. 

In order to elucidate the infiu=- 


ence of the shape end @imensiona of 

the recess on the destructive action 
of a cumilative aharge, and also in order to commute the energy and mass of the 
cumilative Jot; 1t is newessary firat of all to esteblish which part of the 
explosive charge, in particular, forms the cumulative jet. We shall oali it the 
"aotive portion of the oumlative charge". . 


Des. Aotive Portion of a Oumilative Charge, 


In order to anseas the aotive portion of a cumulative charge, we shall 
use the ayutem of instantaneous detonation. In this aase the rarefaction waves 
proceed from all sides of the charge with uniform velooity, which permits the 
shape to be determined simply of the surface of the two convergent rarefaction 
waves, oonting from any tm surfaces, in this case when these surfaces are 

gpecitiea (Pig, 162), 
re ‘Let the equation for the surface of revolution / be 
WA (m). (65,1) 


H 
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The eiation for surface of revolution ? Bapure 162,' dative portion 6f 


is a cumlative charge. 
Y= fo(%)- (65. 2) 


We shall write the unknown equation SH 


in the form 
y=S (x). (65, 5) 
It is cbvious from the sonstruction IN 
that . 
KSXMHZ YRVVo SeXy 
y= Va 2. 
(65, 4) 
Eliminating 2, from equation (6% 4); we arrive at the relationship 
y ye — Xe (65.5) 
Since 
. *= 911) ond nay 
and 


Ya= fa (%:) and t= Xn, 
then relationship (65.5) assumes the form 
| Yt ey) =A (4). (65, 6) 

‘This eqiation determines the unimom surface cf encounter of the tno 
rarefaction waves,’ It is obvious that the line y=/(x) should be equal to the 
departure of the lines y,o:/,(x,) end ys=fil%s). « It is mt difficult in 
principle to find the equation of this line. However, since inaide the revess 
the stream of detonation products ia dispersed more slowly than from the exter 
nal face, a relatively large portion of the detonation products will isme 
from the external face, Therefore the line y=/(x) is displaced olose to 
the line y.=/2(%) © 


If the distance from.the rear surface of the charge (Mg,162) to the 
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point O is not less than the distance from it to the apex of the recess(not 
less than /), then ‘.\e line of ensounter of ‘the rarefaction waves will be 
approximately the line of separation of the bulk of the explosion products, . 
@ispersing in different directions, It is obvious that the volume of the ective 
vortion of the charge %. , of the portion moving in the direotion of the cima 
lative reoass, is determined - if the displacement of the line y=/(*)-, is not 
tek into account bacause of the somewhat different conditions of flow of the 
detonation products from the external ané internal surfaces = by the integra 


r+h rth . 


ayean f yax —nf yidx,. 


(63.7) 
4s a result of this 
YSH¥M dx=dx,-+ dy, — dy». 
which follows from equation (65,5). 
It is necessary to know 
1 = 1 Wi), 
then 
— 7h 
ax, = ay, 49 
and 
Pa fo : 
wan f vi(dy + tdy. — dyn) — af ig dy, 
ci t) 
which gives 
hy , 2 
teagan f Haye (65, 8) 
It remains to find 4: as a funotion of 4:, which is not aiffMiault;: since 
W=S (x1) and Mk =fi(x). 
On the other hand, 
=o (Vi) = a (y4); - 
whieh gives 
and y= rN (1) 
. 3 a 
d 
a= baal NE (68, 9) 
. 0 
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In the particular case when 
; Ya = Fy = Const 


(cylindrical charge), equation (65.6) assumes the form 


Figure 168. Active portion of a ye (y= x try 
cylindrical cumulative oherge. and the volume of the active portion is 


determined by the formula 

aa, (65.10) 
sinca in equation (65.9) the expresaton 
under the integral sign is equal. to zero, 
1.@e, the active portion depends only on 


‘ the calibre of the charre. As a result of 
this, it is assimed, that the radius of the 
base of the recess ia equal to the sami-diameter of the charge. From this, one 
must draw the conolusion that the active portion of the charge is reduced by 
varying the diameter of the base of the recess. Consequently, in order to obtain 
a large active portion in a charge of given diameter, it is essential that the 
diameter of the base of the recess be made as large as possible. 
For en example we shall consider a oylindrical charge with a hemispherical 
end. seotion and a recess of arbitrary shape (Fig.i63). The height of the charge 


is equal to 2+4, The volume of this oharge is equal to 


ry 4 
‘ 2 d 

Up = RPA (ro-EK A) +5 aro —t a 
é 1 


A vl 
= fabs abhin f 20, (65.11) 
0 oA 
The ratio cee 
a a8 Pydy 
ta 5+ 8a f yy” , (65612) . 
where , 
Yat (68,15) 


ror a conioal recess 


wt Py 
yi ay moog! 5 oy, 2 8 , 
pp ma ghih, MaZmtawih, (65.14) 
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Hence it is ebvious that for actual charges (hms 270) 


Up 
an 9, 


4.0. the mass of the active portion of the charge will comprise 11% of the mass 
of the whole charge.e The oharge shown in Figei®S hes the minimm possible volume, 
for which the whole of it 4a used for calculating the active portion,” 

The active portion of a fiat(non-cumlative chmrge) is determined as before 


by the relationship ns 
. V°'i= 7 To 


The minimum volune ofa sitilar charge is 
= nit Firm ear (66.48): 
Therefore gomm, which cen be obtained directly from formila (65.14) by 
substituting A =0. in it. Sindlarly, a cylindrical nen-rounded charge will have 
v= 2nrh and oo = 6. " (68.47) 
STANYUKOVICH, having likewise investigated the propagation of rarefaction 
waves for detonation Produots dispersing under actual conditions, showed that 
the relationahipsderived above for the active portion of any oharge, are eppli- 
cable, for instantaneous detonation, with an accuracy of &% for calculating the 
active portion. in the case of' an sotual detonation. 
On analysing the results obtained, We oan arrive at the following conclu- 
sions. The minimim height of oharge for which its active portion attains ites 


limiting value ia equal, for a aylinder; to Qn th y» which, for actual 


Ay 
cumulative. charges with a oonical recess without casing, corresponds approxd- 


mately to 2 diameters. By reducing the length of the charge, the weight of the 
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active portion te reduced more slowly then the weight of the whole charge. This 
permits charges with a height of H<H 4, to be used in amilative mnitions, 
without noticeably reducing the cumilative effect. 

It follows from equation (65.10), that with inoreasing diameter of the 
‘base of the cumulative recess, the aumilative effect should inercase considerably, 
since the mass of the active portion 1a proportional to the oube of the calibre. 

We shall study now the effect of a oasing and-of a lining for a oumlative 
charge on the size of the active portion. We shall consider the following one- 
dimensional problem : Suppose that in an infinite non-deformable tube two bodies 
of masses M, and Mj move in opposite directions under the action of an expanding 
ges(detonation products), The mass M, is moving to the right and M; 4a maving to 
the left. It is required to-determine the volooities( and u:') of motion of the 
masses, and also the mass of the detonation produots moving to right and to left 
(mm, and ms). The following relationships are obvious. : 

ums; mex m, + ra pm ny (65.48) 

Assuming that the velooity of the gas ia distributed linearly’ with respeot 

to ite masses Mm and mt, then fran the Law of Conservation of Momentum we 


obtain. 
Tet Muy — Matty = 0. (65.19). 
The Law of Conservation of Energy gives 
2 M. a: 2 Meu? ve] 
me +4 net Ht = mQ mt ‘ (65.20) 


where'c, is the velocity of sound in the detonation products(for the oase of 
instantaneous detonetion), It is further obvious,that sinca 
. 7] Ug... 
uma, then my ms (65,21) 


Solving simultaneously equations (65.19), (65.20) and (85.21), and taking into 


account that m=om-+m, , we obtein 
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__m Ma M ; m M_\. 022) 
=3(\ taste)? =F +a mea) (65.22) 


(é ye 2m (m+ 2M2)9 (Mi + Mo + m) " ma | 
(mF 2M)? [om (m -2Mn) 6M, (My FM + my) Em + 2a) A) * i 


y 7 
% Tain OM) F 6M, + Ma Fm) | (65.28) 


(2) ua \ 2m (m+ 2M))2 (Mm + Ma+ m) : sant X 
(mF 2M2)7(m (m -- 2M) + 6M, (MF Fase mE OE IE 


. X aw TFB APMP ay (65624) 
We now determine the unilateral impulse 
has han [Mn +9] =u [+3 3]. (65.25) 


In the particular oase when M,=O0, 


Since for M,=0_ 
Y= an, Se , 
2M) t, Vm aM) (mM) 
then 
h=—h= __ mot. : (m+ 2M) 
4 int) (mM) Vim My ¢ (me aMy (65.27) 
for 1M, +0 Pome ME; 3 for My +00 i= me ' '» These results are obvious, 


since as a result of reflection from en absolutely solid wall (M290) the 
impulse is. doubled. 
rf, Mi=M,=M,- then 


mma (65428) 
hy = = Gy V am myim' (65.29) 
hen h= Benny Pam . 
65.50 
If = M40, 10 =a for | M-+c0 hey) M+ 00, whieh is 


quite naturally so, aince for M,=M,;=M-»éo, the preasure at the wall wild 


aot for an infinitely long time 

This same scheme can be used with a high degree of accuracy for studying 
the disintegration of the active portion of a cumilative charge, asmming that 
m 4s the mass of the explosive enclosed between the casing and the lining units, 
and that M, and M; ‘are the masses of these units, The distance between the 
casing and lining units is chosen with respect to the shortest straight line: 


§ 66, Cumlation with Metaliio Lining of the Recesa,' 


In the presence of a metallio lining, as already noted, a very sharp 
intensification of the cumlative effect is observed at the surface of the recess, 
Notwithstanding this ciroumstance, the same physical peouliarities are maintained 
dn this case which are ahuracteristla of ane xlosion of a cumilative charge 
without lining of the recess,’ However, ‘the pioture of the phenomenon wider aig= 
@uasion as a result of this 1s considerably altareL 

Tt has been established as a result of axperimental and theoretical inves- 
tigations thet the intensification of the oumlative effect in the presence of 
a lining is associated with the extremely powerful and unique redistribution of 
energy between the explosion proéucts and the material of. the metallic lining, 
and the conversion of part of the metal into a cumulative jet, The main part of 
the energy of the active portion of a cumilative charge is © pumed over” into 
the metal of the ining so that a thin layer is concentrated in it, whieh really 
forms the oumilative Jet Asa consequence of this, a considerebly greater 
energy density is attained in the jet than hy the explosion of a charge without 
lining of the reoesa, The maximm *. squeezing", determined by the ratio of the 
diameter of the recess to the dlameter of the Jet, for a charge without lining 


is eqial to 4 = & For a charge with a metallic recess lining; the "squeezing" 
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is considerably greater, since the diameter of the cumulative jet is equak to 
1 = Sm: 

The nature of the oumlative jet and the mechanism of its formation has 
been successfully established by methods of instantaneous X-ray techniques, 
spark photography etc, in comprehensive experimental, investigations: The method 
of instanteneous X-ray photography is particularly fruitful for investi ating 
the phenomenon of cumulation in the presence of a metallic lining, ' 

The process has been studied in the most detail on charges with hemi- 
spherical and conical recesa lininge. To sum up these investigations, it wos 
estsblished that a metallic lining,under the action of the explosion prodote, 
ia squeezed, as a result of which its seotions are “alramed together", with the 
formation of a fine metallic: jet, whiah possesses a high veloaity,' 

The overall picture of the process of deformation of the metallio lining 
and the formation of a cumilative jet is shom in the tro series of X=ray photo~ 
graphs (Figs,164 & 165). They fix the process of squeezing of the lining and 
the motion of the jet with respeot to time.’ On processing the experimental data 
it was proved that the maximm velocity cf radial deformation of a steel ‘cone 
with a wall thickness of ] = 2nm, depending on the type of explosive charge; 
amounts to 1000 = 2500 m/sec, As a result of such rapid compression , the lining 
is transformed into a compact monolithic mass < a pestle (Mg,166), giving rise 
initially to the formation and subsequent development of the cumulative jet 
As a result of the compression of each section of the lining, its thialmess is 
inareasead, but the energy is mainly concentrated in its outer layer, The Jet is 
formed exclusively on account of the stream of metal adjacent to the inner 
surface of the lining, which appears as a consequence of the repid collision 


of its seotions at the instant of "slamming together", ~ 
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Figure 164 Formation of a cumtlative jet by compression of a 
hemispherical lining : a = charge prior to explosion, 
b ~ charge 6 msso efter explosion; o < sfter 8 msec, 
de efter 12 mieo, e = after 24% msec, ! 
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Figure 165. 


ao) 


Formation of a cumlative jet by comression of a conical 
liming :-a' = prior to explosion, b = charge 6 mses after 
explosion; o = after 12 msec, d= after 15 msec, 


e- aftor 17 men; 2 = after 2% msec,! 
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The mass of metal transformed into the cumlative jet, amounts on the average 
to 6 = 1% of the mass of the | using, Mgure 166, Pestle. 
Confirmation of the fact that the cumi- 
lative jet is associated with the stream 
of met, .J in addition to the results 
given, is afforded by the following data,' 
If a layer of copper, with ». thickness of 
0. OSum, be deposited on the inside surface 
of a steel cone by means of galvanising, 
then no trace of copper oan be found at all 
dn the pestle! If,’ however, the layer of 
copper te deposited on the outer surface of the cone, then streaks of copper 
oxide are discovered in the pestle On inspection of the pestle, a narrow 
chemnel can be found along its axis, the presence of which 48 an indication 
that the inner leyers of metal have a sharp increase in velocity in relation to 
the outer layers, The results of metallographic examinations of pestles in 
sections at different distances from the axis also afford infornation conceming 
the nature of the deformation of a metallic lining during the process of its 
compression, | 

The orientation and stretohing of the structiral constituents can easily 
be seen in all the microstructure photographs (Fig, 167)¢: in the axial direction,’ 

The orientation and stretohing are increased according to the extent of 
the proximity of the respective layers to the axis,” 

The formation and motion of a cumlative jet can be divided into two 
stages, The ph ysicel and mechanioal characteristics of the metal of the lining 


have a considerable influence on these stages! 
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First Stage. ‘The first stege characterizes the formation of the jet 
in the process of compression of the lining, During this period, the pestle 
and the jet comrise a single structure(see Pigs, 164 & 185); however, their 
motion is accomplished with different velocities, 

Figure 167, Miorophotographs of thin sections of the pestle (brass) 
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The pestle moves relatively slowly(with a Velocity of 500 = 1000 m/sec). 
The jet, on the other hand, has an extremely high volocity of forward motion, 
However, this velocity is different in different parts along the jot; the 
leading portion of the. jet has the maximim velooity, and the velocity of the 
tail seotion is close to the veloolty of the pestle, Depending on the shape 
and nature of the lining metal, the properties of tho explosive charge and 
other factors, the velocity of the Leading portion of the Jet may vary within 
wide limits, For an aluminium lining of hyperbolio shape, the velooity of the 
leading portion attains; for example, dbproximately 11,000 m/seo, 
Figure 168 Motion of a cumulative jet before and after pieroing 


armour plate 


Notion of jet after oF 
pieroing arsour plate os 


Some data on the veloaity of the leading part of a cumlative jet are 
presented in Table 105, 


The Cumlative oharges are prepared, in all cases, from a mixture of troty! 
and hexogen (D = 7600 n/seo). 


The velocity gradients along c ommlative jet were established by direot 


experiment, namely by means of mirror scanning using a method of step-by-step 
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"chopping" of differents sections of the jet with obstacles -* different 
“thickness (Fige168). This method was first developed endu- in 1946 by BAUM 
ang SHEKHTER, Subsequently i+ attained wide application for investigating the 
process of cumtlation 
Table 105 
Dependence of the velocity of the leading portion of a 
cumlative jet on certain factors, 


Parameters | Velocity of | Velocity of 


of recess | leading leading” 
oF “| portie: of | portion of 
jets m/sec | Jet, 0/sece 


6 & & & & 


wb 
wo 


*) Data for charges with an aluminium Mining, thickness 1 mm 


Second Stage. During a certain interval of time after compression of 
the lining, the jet, because of the presence of velocity gradients, breaks away 
from the pestle(Mg,169). It can be assumed that the maximum effective action 
of a cumilative charge is achieved in the case when the jet is severed, subse- 


quent to the supply of metal to it from the pestle being discontimed, which 
prior to a definite instant of time represents a unique rese?voir, maintaining 


the supply for the jet. This may take place up to the time when the inertial 
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foroes, under the action of which the flow of metal takes place, will no longer 
be in equilibrium with the cohesive forces between the metallic particles. 

From this point of view, a high vlastloity of the material is a decisive factor. 
Figure 169 Breakaway of the jet from the pestle 


Thig factor 1s of particularly important significanoe for the normal process of 
compression of the lining, In the process of deformation, no‘ frangible breakdown 
of the lining showld cocur, since if the contrary is the case, the transfer 
coefficient of metal into the jet is sharply reduced, and its armour-pleroing 
aotion is correspondingly reduced, Figure 170 shows linings in various stages 

of deformation, prepared from low-carbon and tempered steele, 

Figure 170, Compression of linings of (a) soft and (b) tempered steel. 


@) b) 
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It con be seen from the figure, that compression of the first three specimens 
is not accompanied by brittle fracture (Figure 1704 ); the lining made from 
tempered steel is shattered os a result of compression (Fig,170 b ).' 

It is obvious that tho conditions for brecizanmy of the Jet from the pestle 
are Getermined by the velocity gradient ond the physicc-mecharical characteris= 
tics of the metal from whioh the lining is madeg and upon which depends the maxi- 
mun elongation of the jets’ On the basis of what has been stated; 1t may be con- 
cluded that the mst effective action of a cumilative jot may be ensured ofiy 
by a definite combination of the physico=meohantoal, properties of the lining 
metal.’ Por this; it should be borne in mind ‘hat the properties of a metal under 
conditions of rapid deformation may differ considercbly from its properties 
defined for normel deformation velocities, For exomplo,: cast iron, which 1s 
brittle under normal conditions, behaves as a metal with a relatively high plas- 
tieity as a result of the explosion of a cumulative charge 

As a result of investigations carried out by BADM and SKLYAROV; the 
following was established. 

The conditions of formation of a cumulative jet are determined by the 
microstructure of the lining metal and the ability of its structural constituents 
towards Plastio deformation, 

However, the plasticity of a metal under comression conéitions, brought 
about by the action of an explosion; is not determined solely by its normel 
characteristias, The relationship between the ability of the ‘etal towards 
rapid compression and the type of orystal lattice should be mentioned,: The best 
compression is cbaerved with linings of metal with a cublo lattice (Al; Fe,' Ou); 
the worst compression is observed with metels having a hexagonal lattice(Cé; Co; 


Mg). The best armour piercing effect is stteined for linings of copper ana ixon: 


By catohing o cunulative jet 1n certain loose media followed by metallo- 
gxaphio enalysis, it has been established that in the prooess of formation of 
Pirure 171. - Photosscan of the motion of a jet, melting of the metal does 

the leading portion of a cum not occur. However; the temperature 
lative jet of the jot may exceed 200 = 1000°C, 

Motion of the jet in air is 
accompanied by considerable oxidation 
of the metal, which is asscolated 
with the elevated temperature of 
of the surface layers, because of 
oir friction, As a result of this; 
intense luminescence of the cun.a= 
tive jet is observed, especially in 
the oase when the lining is mado 


from éuralumin or aluminium: This 
permits the motion of the jet to be 
photographed in its om light, with 
the aid of phote-soans, and to dutermine from the photographs the velooity of 
its motion, A typioal photowsoan of the motion of a jet is show in Figure 41s 
A cumulative jet maintains its monolithlo property only in the first stages 
of its motion. Before long, under the Influeme of the velooity gradients, its 
dispersion into pertioles takes place, The inttial stage of destruction of a jet 
is show in Mig,172, which 1s a photograph obtained by an expomire of about 
108 seca. This exposure was achieved by means of an eleotry-optical amutter, 
based on the Kerr effect. The equipment for the eleotro~optloal shutter was 


devised by B.AIVANOV, The formation of a "neck" can be clearly distinguished in 


the photograph, along which breakup of the jet. takes place into individual 
particles, 
Figure 172. Spark=photograph of a dispersing cumulative jet(45 mseo 


after commensement of the explosion).' 


Cumiative jet 


Oye. 


Ballistic wve |. 


The use of this method, ocshined with mlorosecond= Xeray photography, 
enables a complete picture to be reconatructed of the explosion of a aumulative 
charge in the presence of ao metallio cumulative recess (Fig, 175). 

Fimire 175, Explosion of a cumilative charge ((@Lagrammatic) 


Oharge prior 
to explosivo 
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The physical concepts developed above concerning the phenomenon of cumi- 
lation in the presence of ry lining have served as the basis for an analytical 
interpretation of this phenomenon For this, the classical theory of convergent 
jets has been used to advantage 

G I.POKROVSKIT first used this theory to descrike the process of cimilation 
in the presence of a conical lining,’ The assumption 1s made in the theory that. 
as a result of compression of the lining; the elastic and viscous forces can Be 
neglected in comparison with the inertial foroes; under the aotion of which ccm 
pression of the liriing takes place. The justification for this assumtion is sub- 
atentiated in the work of M.A.LAVRENT'YEV, creator of the hydrodynanlo theory 
of cumilation, From consideration of this case, the metal of the lining; on com 
pression, may be likened to an ideal incompressible liquia, 

In order to arrive at the results of this theory, it is necessary to con= 
sider the fundamental aspects of the theory of convergent jets, 


9) 87, Elements of the Theory of Convergent Jets. 


We shall now consider the laws of motion of an incompressible liquid, as a 
result of the convergence of two identical plane jets (1.¢. we shall consider a 
two-dimensional problem), 

Figure 174 Collision of Jets: It is well-lmowm, thet as a result of the 
convergence of tro identioal jets(identioal 
in velocity and delivery) through a certain 
angle (2a) 5 two jets are again formed; 


the liquid in which moves to opposite sides; 


in the dizestion of “he pisector of the 


angle of Convergenoe(Fig, 174). Ag a result 
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of this, as follows from the Law of Conservation of Mass, Momentum and Energy, 
the veloolties of the diverging jets are equal. to each other-with respect to 
Magnitude, but opposite in sig and equal to the velocities of the original. 
converging jets. The masses of liqiid moving in the diverging jets are different, 
In the jet, in which the direction of motion of the liquid coinsides with the 
projection onto the *:=- axis of the direotion of motion of the initial jets, 

the mass of liquid is greater than in the jet oppositely direoted,! We shall 

now prove the validity of these statementa,! 

It is obvious that the problem being considered is anelegous to the 
problem of divergent jet: oolliding through an angle 2 with an ideal solid 
gurface, colnoiding with the plane x0z. , 

Suppose the supply of liquid per second in the impacting Jet be ms let 
the velooity of the liquid in the Jet be uo. .' Denoting the jets diverging to 
wight and left, similarly, wy = my, ma, ii), ida (supplies and velocities), 
we arrive, on the basis of the Lawa of Conservation of Mass,’ Momentum and Energy; 
at the following relationships : 


My ty = My Ny, as = gly (67-2) 
Myth, 4 - Wiglly = — Molly COS a, (67. 2) 
mM, Uy, Myy | Moug ; 
Tty>F7: 
(87.5) 
Henoe; it follows that 
— hy Sy = lho (or. “ 
m 1— cosa ina & 
a ow =sin*’+> 
Mg" 2? 
m 1} got = cos? S - (67. 5) 
(67, 6) 


Tt is essumed here that the original Jet flows from right to left ana 
from above to kelom 


roma! 


Since the density of the Jiquid remains unchanged, then the masses oan be 
substituted by the cross-section of the jet ; as a result of this, 
siesint S, e=cost 5, 


where 9, a and 2 are the cross-sectional dimensions of the original and diver 


gent jets (m==pi|u| , where p is the density of the liquid). 


Suppose now that the point of Figure i175. Collision of jet(point 
intersection of the jet with the plane of intersection of the jet yith:' 


*0z is moving along the: x- axia in the the ‘plene is. moving along the plane) 
positive direction(to the right)with a 
certein velocity w, , then the velocity 
of the jet, diverging to the right 

(jet I) and to the left (jet II), will 


be 
eae | 
Wyarust+o. | - (67.7) 


Here and in future us:<0. In this 
case, in the system of coordinates in which the point of intersection is statioary, 
the resulting volooity Woand the direction (angle f ) of motion of the original 
jet are determined from the relationship (Fig.175) 

: woe ui wi—Quoweosa, (67.8) 
sin p =F gin a, (67.9) 

In this ayatem of coordinates , the motion of the pl,ne atream is observed, 
having a finite thiolmess through the front and intersecting the plane Oz 
through a oertain angle = 180° — (a+). 

If the velocity of the liquide and the angle p between the direction of 
motion and the front of the stream, moving towards. the plane *Oz , and also the 


angle a, are given, then 4t. is always possible to transfer to the system of 
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coordinates in which the point of intersection of the plane with the front of 
the Jiquid remains stationary. 

It is of interest to consider three oases of motion of the liquid. 

1. Let the angle @= 3 (direotion of motion of the liquid perpendicular 
to its front). 

Then, 


w= @ sita=Yor—at (67.10) 


Hence wa obtain 


1+ cosa 


— __ _Ho =_ we ~~ 
v= Wo — Uta, Wy — ly ona 


cosa’ 


Taking into account relationship (67.7), we find 


waa, gay eee (67.12) 
. az s 
[o> 1 ‘ . 
—~— COR 2 
W,= Wo te F- (67.12) 


2. Let the angle pm —a (ddrection of motion of the liquid perpen- 


a@ieular to the x)= axis). 


Then 
Wm whan = Vr? (e 18) 
Henoe, 
or Ws Uy C08 &, Wo=—Uo Sina, w= — uy (1 +cos a) 
1 : 
Wy == gy Toe _ to (67.14) 
tan 
l—cosa a. (67.45) 
We — Wing Wo tang 


5. Let w==0 , which corresponds to the plane of the retarded jet II. 
Then, from the conditions of (67.7), (67.8). and (67.9) we obtain : 


— uy = W, Wy = — Wy V 2(1 — cos a) == — up sin? +, (67.16) 
Q = — Wy = =e , (67.17) 
sin 
tn: uy ba 
sin f= —sina.? = cosz, (67.18) 
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whence 
B= i. (67.19) 


dAnelysis of these simple relationships show,that on intersection with 
the stream of the plane x0z, redistribution of the mass and energy ofthe original 
stream takes place, between the two streams formed, As a result of this, jct f, 
moving to vhe right, has smeil mass but large energy, and jet I, on the contrary, 
has @ large mass but amall energy. 

ror given velocity: @o.and angles “@ and B , u , w,-w, and Ww aro deter 


mined in the general oase from .the relationships 


sin (a + A) 
sing 


* ain 
wom ire, 


—— Ky = W , 


w= sinp wae th) , 


@, = w, Wnbosn (a -+- f) ; 


(67.20) 


The length of each jet, obviously, is equal to the length of ‘the original 
jet. This follows fram the fact that in the stationary system of coordinates the 
veloolties, and.consequently the lengths. of all the jets are identical. The mass 
to energy ratio of these streams, as show by relationships (67.5), (67.6) and 


(67.20), are detexmined by the formlee 


many (67.21) 
Ay a | sin B+ ain (aA) 74 
A mw = [tang aint errceant , (67.22) 


Henee it follows, that for «<> 


When p=*;" and ,290° (Fig.176), the entire energy trenafers to jet I 
and, consequently, the enerzy density in it, in conparisan with that originally, 


2 


dnoreases considerably. Since the energy density calouleted per unit mass is > 
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2 
wo 


stn? - (6723) 


» the liquid in jet IIT will move to the right; for 


B 


a< a : 4t will move to the left; consequently, the energy density in jet I 


Figure 176 Collision of jets.Case of is reduced in comparison with the 
formation of a single jet after value as determined by relationship 
collision (F="F*) . (67.28). 


When the lenyth of the original 
jet in the stationary system of co 
ordinates, or the length of the 
atream front in a system of coordi~ 
nates in which the point of inter 
section of the jet and the plane x0z,. 
is statiorsry, is amall, its leading 
portion will not be described by the 


relationships given above, since the 

Jiquid in this portion will have a non=stationary motion, being subject to c more 
complex law. The consideration of the effect of two non-identical jeta collidin: 
through a certain angle is somewhat more camplex than for identical deta. We shail 
not study this problem, since the primary interest in the phenomenon of eummlation 
has already been presented in the problem being considered, 

Collision of jets, taking into account the compresaibility of the mediun, 
oan be studied forrelatively slow plane motions. The basic equations fer this 
can be written in the same form as for an incompressible medium, This ia essenti- 
ally, that for supersonio jets as a result uf impact and divergence of the jet,in 
the plane x0z,, ane or several oblique compression 4isoontinuities are formed. 


This leads to an inorease in the entropy of the medium, and consequently, as a 
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result of its expansion to its. initial (atmospheric) pressure, it lea? «= so to 
the fact that its density will be less than the original for the gas, but the 
temperature will be higher. As & result of expansion of the liquid jets, phe~ 
nanena may take place which are similar to the phenomenon of cavitation, i.e- 


disruption of the jet may “cour, 


Bes. Elements of the Theory of Cumiation in Presenoe of 
a Metailio Lining, 


The theory of the oumulative effect in the presence of a metallio lining 
has been most fully developed for charges with a conioally shaped TeCeSB. 

M.A. LAVRENT'EV hya considered in detail the following problem : the 
seotions of a conical lining with constant wall thiolmess instantaneously 
acquire a velocity which is normal to that forming it. The compression velocity 
is constant along the ‘sone yonera tia This statement of the problem can be 
boiled down to a consideration of the problem of oolliaton of ‘Jets for an 
excl-syometriloal’ steady. stream of an ideal liquid, Pigure 177 shows a orossa- 
section of mich a atream, obtained by approximation methods. 

Figure 177. Convergence of jets (steady stream of an ideal liquid). 
C= original jet, A and An diverging jets. 


At the origin of the coordinates, the velocity of the stream igs equal 
to zero. For *-*—© ' the stream is % cylindrical Jet with radius nm end 
velocity —is.» For 1s-rco the strea. is a cylindrical jet with radius “ry and 
velocity uo» The sections at the borders of the "shroud" have the general 
asymptote 

Yas Kena +a, (68,1) 
whereupon 
. aay =, (68,2) - . 
From the condition that at the free surface of the "shroud" the stream 
velocity is equal to u, , the supply of liquid into the “ahroud" is eqiel to 
m (ri +i) ay =m Qey bitg, (68, 8) 
where ? is the thickness of the "shroud", 
Henoe, it is not difficult to find an approximate expression for the 
thickness of the "shroud" ! in terms of the coordinate.y and the radi of the 


Jets ro end 7: : 
24,2 2, 7 
ban ae (i+ cattg). (68, 4) 

Formila (68,4) 18 accurate for 4-> 00. 

In order to caloulate the parameters of a cumulative jet, we shall con= 
sider the motion of the liquid as a result of collision of tho jets in the 
system of coordinates moving uniformly to the right with a velocity 

' _ _ 4% 
Y= ceat 
fx — Ml. 


' In the new system of coordinates 3, y ; the conical shroud C will have 
a velocity w, orthogonal for £00 to the asymptotic cone, A, which is formed, and 
which corresponds to the case ‘of compression being considered(the sections of 


the cone have a velooity normal to ty, generatrix )dAs a result of this, 
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Wo = Ujtana, (63, 5) 
the volooity of the cumulative jet is 


1+cosa’ 


“A= wo sina’ (48. 8) 


and the yelooity of the shroud 


w= wy ee , (68.7) 

It is not diffiowlt to see that relationships (68.6) and (68.7) are 
identicel with the corresponding relationships for the jet velocities, obtained 
by considering the plane problem (f= 5) » As a result of this , end arising 
from the theory of collision of plane Jets, the length of the cumilative jet is 
equal to the length of the cone generatrix, and the radius of tho jet ‘= const. 

In actial oumulative charges, the velocity of compression of the lining is 
not constant, since the impulse imparted to the lining by explosion of the charge, 
4s also not constant along the line of its formation, which leads to the appear 
ance of velocity gradients along the cumulative jet and to its disruption, More- 
over, as a result of compression af the sections of the lining and the formation 
from them of the corresponding seotions of the jet, there occurs a change in the 
angle ae 

LAVRENT'YEV calculated the parameters of the cumulative jet for charges 
with a conically shaped recess and close to conioal, talcing into account these 
faotors,’ 7 

We shall now derive the solution of this problem for the particular case 
of a conical recess with constant dining thicknesa, 

, We consider the motion of an element of the cone having the sboissa * at 
a specified instant of time | (Bige178). 
- In this case 


J Xana, (6a, 8) 


a 
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We denote 
= Qby == Drona. (68.9) 
In addition; assuming a linear law for the distribution of impulse along 
the pone generatrix, we obtain for the velocity of compression “of the lining 
W = Wy (1 — kx). (68.10) 
The length of the normal between the element A of the lining and the 
axis 1s equal to qe 
The element under consideration, with abolssa * at the instant of time 
t,> forms ‘an element of the jet at the point with aboissa * equal to 
yHx+yina: (6822) igure 378, Motton of the elenents of 
It is obvious that a conical lining, : 
tad, . (68,12) 
In virtue of the non 
constant velooity w, after a 
time t;—f» the element is 
‘turmmed at an angls, 42, so that 
tem — (60,15) 


Henee, asswoing that 

a ==a—+Aa (68.14) 
ond using relationships (88.6) and (65.10); we obtain for the veloaity of the 
element of the jet, 


1, = 9 (1 — bx) EES (88,15) 
the angle 

- a Reh 

Bat be (68,26) 


In acoordance with formula (684); we have for the radius of the jet 


rim ay hei a ( 68, 27) 
1+ cot > 1 feat ’ , . 


SIG 


-_ 


which, efter simple transformations gives 
r= Vix (ana — sina), (68, 18) 
there x is distance from the leading portion of the jet | 

In the proposed theory; the relationship has not been established for the 
volooity of compression of a cumilative Jining as a function of the perameters 
of the explosive charge. Without this relationship, it is impossible to determine 
mimerioally the value of the basio parameters of the cumlative Jot In addition, 
in LAVRENT'YEV's theory, the strength charactoristios of the metal of the lining, 
whieh in a mumber of cascs my have an. effact on the condition of formation of 
the cumlative jet 

‘We shall discuss the method for determining theoretically the parameters 
of a cumilativs jet, taking into account the massa and energy of the aotive 
portion of a cumlative charge, This mothod has been developed by BADM and 
STANYUKOVICH, who have also considered the problem of the limiting conditions 
of formation of a cumulative jet as a function of the strength characteristics 
of the lining metal 

We shall consider first of all the mtion of the casing os a whole 
(the motion of the centre of gravity of the casing) as a result of the action 
on it of the dispersing detonation products,: without talking into account ite. 
compression. This problem is easily solved on the basis of the general theory 
of a body projeoted by the detonation products, 

The equation of Conservation of Energy for one-dimensional; uni-directional 
Gischarge of the detonation products in a hypothetioal instantaneous detonation 
with synchronous projoction of eny body of mass M-as a result of total expan- 
sion of the explosion produots; can be written dom in the form 


Ma ” 
+s f putdx=mQ,. (68,19) 
t) 
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Here tm is the limiting velooity of the projectile, s is the cross-seotional 
area of the body, ™ is the mass of the explosion products. 
F pression (68,19) is easily obtained, if it be assumed that the energy 


remaining in the detonation products is equal to 


+ f udm, 
C) a 
where dim = sp dx, 
As the theory of one-dimensional Gischarge of the detonation produots 
shows; for total expansion of the explosion products; i,e.' then p=op, -» where 


Pa is the atmospheric pressure, 


*& 
ae ak ae . (68:20) 
Therefore, 
vier mf ide Mim 
2. u mee y u,tt ——s' (68, 22) 


hence; talking into account that for an isentropy index of 1=3 ; Dim 16 Q,, 
we obtain from equation (68 19) 


as oe 

° af (2+3) ‘ (6a, 22) 
This is the. Limi ting velocity of ‘the projeotile and of the explosion prodiots 
at the boundary with the projeotile, | 

“Lepersion of the explosion products, as we know, does not cocur one= 

dimensionally, but, by introducing the concept of mass of the active portion 
of the charge m=m,, (see para,65),; it can be assumed that the explosion pro- 
duots move along the exis of the charge. Consequently, in formilae (68.19) to 
(68,22); 4¢ should he understood that m ia the aotive mass, mm, » of the charges 
Strictly speaking, reletionahip (68,19), and consequently also (68.22) are velia 


for the oase of instantaneous detonation, 
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Since the detonator is inserted in the portion of the charge opposite 
from that in which is loanted the cumlative recess, the energy density for an 
actual detonation, calculated per unit mass of the active portion of the charge, 
is greater thon Q- We shall denote this energy density by 

Qt = FQ, (68, 25) 
where f> l. As a result of this; relationahip (6822) asmumes the form 


om on 8 
D : ‘ 
2 “o +3) (68, 24) 
We shell calculate the value of B F ° 
The energy density at the detonation wave front for 73: 41s equel to 


Quez[ap+ft]. (62, 28) 
Since | 
w=? py, pis aby 
then ; 
= Fa=2Q, (68, 26) 


We now caloulate the energy density Q, for that portion of the charge 
in whieh um0 (prior to dispersion). It is obvious thet in this ease 


a Pe PF 2 
Qo= 1) by — 4 Ge (68, 27) 


since for 1=35- pop, and =F pe 
It can be assumed with sufficient degree of accuracy that 


= 3 (Qi +Q) =F O. (6a, 28) 
There is no point in calculating the distribution of energy of the 
aotive portion of the charge more ecourately; although; knowing ite configue 
ration, this is easily done.’ 
It.is well-known from the theory of one-dimensionel @ispersion, that 


& mass comprising 4/9 ths of the entire charge mass goes in the direction of 
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dispersion of the active portion of the charge; the energy of which comprises 
16/27 ths of the entire energy of the charge; and in the opposite airection 
there goes 5/oths of the mass ‘ond 44/27ths of the energy. Consequently, in the 
first nase the energy. density will exceed the average by a factor of 4/3, On 
the basis of our oaloulations, we shall take fo » hence wo finally 
obtain the relationship 


Am a= I om O41 
(eta) Vaets (68.29) 


The oentre of gravity of the lining will move with this veloolty, 
without taking into account ite compresaion. For an actual detonation, the 
average density of the explosion products of the active portion of the charge 
p* 4s greater than the original density po of the cumulative charge.’ The 
value of * may be assumed, with sufficient practical acouracy, to be equal to 


«1/4. 8 10 
Pp = 75 P0 + G p0) = Po (88. 30) 


Relationship (68, 50) can be used for calculating the active mass m,e: For a 
pteel conical lining of ea 7é-mm missile, thiclmess 2mm for 4/d—=1.58 i; we - 
obtain 
. 3 
M= 1308 My = =x! py 45 &. 


“For 2D = 7600 n/seo (mixture of trotyl-hexogen); 4, = 1750 m/sec. 
We shall now consider the motion of the casing similtancously with its 


compression, In order to oalculate the basio laws, observed as a result of 
this, we shall consider the following scheme, 


Suppose that detonation takes place instantaneously. A plane plate of 


mass M moves under the action of the expanding detonation products; suoh that 
3 
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its lower portion slides along the axis of symmetry (¥ig.179). It is obvious; 
that in the scheme of instantaneons detonation, the velocity of the plate will 
be normal to its surface; Ge ,,= Won «© This velocity corresponds to the 
maximim velocity of "slamming" of the lining. However, the different points of 
the plate(lining) will actually have a different velocity of mtion relative 
to the axis of symmetry. 

This is explained by the faot that the distance to the axis of symmetry 
for different elements of the lining will be different,. since any boay does not 
aoquire its limiting velocity instantaneously, but over the path of its motion,’ 
Moreover, the angle of-inolination Figure 179,’ Motion of a plane plate 
of the lining to the axis of . under the action of detonation 
symmetry will be changed (ire products, 
creased) during the process of 
its compression, Therefore, the 
average Velocity of compression 
of the lining will be 


The coefficient 1) takes into account the uncomplete utilisation of the 
energy of the aotive portion of the charge and the error in the average 
inorease of the angle of inclination of the lining to the axis os a result of 
its compression, We shall consider this problem in more detail below, and we 
shall oalculate the coeffLlolent Tp 


Assuming in the oase being considered that the direotion of mtion of the | 
lining is perpendicular to ite generator (f=) , we obtain finally; in 


the scheme for an ideal liquid, an approximate relationship determining the 


ST/ 


velocity of motion of the jet 


wet tan (63532) 

As we shell see below, 7-90.67 (for the example being considered); 
therefore ~ 7500 n/seo, which is close to the expeximentally established 
valuce 

It follows from the theory that with reduotion of the angle of flare of 
the cone; the velocity of the jet should be increased, This corresponds with 
experimental data (Table 103), 

It follows also from equation (68,52); that by observing geometrical | 
similarity in relation to the shape of the oharge ana of the recess, constanoy 
of the ratio a and approximately equal conditions( quality of the explosive; 
lining material), the velocity of the cumilative jet should be independent of 
the @iameter of the charge ana of the recess; which in fact is observed in 
experiment (Table 104), 

Table 104 
Effect of us on the veloalty of the leading portion 
_™ of a cumlative jet 
(Shape of recess = conioal; angle of flere 35°) 


Lining material portion of jet, 
; se0 


SGL 


If the thickness of the lining $15 not too small (if the opposite is 
the case the usual jet is not formed) y then with reduction of } the velocity 
of the Jet should inorease up to a certain limit, which 1s confirmed ty the 


data of Table 105. 


Table 105 
Effect of thickness of lining on the velocity of the 
leading portion of a camila tive jet 
(Charge dimensions : 4 = 85mm; 4 = 42mm) 


Lining material Thiclmess of 
dining jm 


Veloolty of lea 
portion of jet, m/seo 


We sholl consider qualitatively the effect of the compressibility of 
the metal of the lining and its structural resistance on the compression pro~ 
cess and on the formation of the cumlative jet,’ 

Since the height and thickiess of a layer of the aotive portion of a 
charge decrease from the axis to the base of the yecess, then the velocity of 
compression also falls for the peripheral portions of the lining as compared with 
the inner portions, Since only the pressure, developed as a result of Collision 


of the corresponding portions of the lining; falls to a value Prams 166: to 
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a certain limiting value, the process of jet formation Minishes, As 2 re: Lt 
of tis, Prim corresponds to the internal pressure, proportional to the cohesive 
forces, | 
As a consequence of tho non-constancy of the velocity of compression of 
the different sections of the lining, a velooity distribution also makes its 
appearance along the oumlative jet, so that the leading portion of the jet 
attains a veloolty greater than that of the rear portion.’ The substantial velooity 
gradients lead to stretching of the jet and its breakdown into a mumber of 
separate parts, . 
We shall now undertake certain consiacrations related to the description 
of the phenomenon, The maximun pressure resulting from the impact of to identije 
Oal bodies is, as is well-lmown; independent of the angle of impact, and is 
desoribed by the relationship 
pa= a 
‘ 0-7 (68 53) 
whore: ps and p, are the density of the body prior to impact and at the. shook 
front(compression wave) resulting from their impact; uo'is the impact velocity. 
Relationship (68,55) is a partioular case of the more general relation= 
ahip(see pera, 75). 
Applying the law of compressibility, 
parormal (te) —1] 
(68, 54) 
Po can be eliminated from equations (68,35) ana (68,34) and: Pe 9(pu 40) ‘San be 
determined, | 


Since, as we have already show, uo has a different v: ‘we for every 
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section of the lining, then the value of p,~w? will also vary. 
If we assume that the active mass of li. ..plosive, arriving at each 
element of the’ lining, depends approximately on the distance © of a given ele- 


ment fran tho axis of symmetry, then 


May = muo(1—b-Z), (68.35) 
where ,, is the rodius of the base of the cumilative recess, my: is an element 
of mass: of the active portion of the charge at the axis of symmetry, 6< 1. 


Then, anproximately 


_ ar a ae (68.56) 

Here far» Poy 9 Um OG Um are the Pressure and valooity at.the axis and at a 
distance +f from ite Henoe it follows that in ract, a radius. ray, oan always 
be found for any charge, for which p,,= 4, « The material of the lining alements 
for r>Tate» having been compressed, will not always give rise to a cumilative 
jet. ‘ 

It is obvious that the limiting velooities of compression should be less 
than the armour-piercing velocity of the jet. , 

The conditions of formation of a cumilative jet have a substantisl influence 
on the laws governing its motion and the effeot on an obstacle. fe note that for 
a value of the angle a, aroroaching. + the cumulative jet will not alvagrs be 
formed, since the velocity of compression , proportional to coos «, is smal. ar”. 
the compressive pressure is less than pj,,: In view of tho fact that the prersure, 
developed by the shoal of the detonation wzve around the lining, 

. ps pill + 14 sinta) (68.57) 
increases with inarease of the angle @ , the lining should split up into a number 
of fragments. These fragments, dispersed with an angle a<¢-> , will move 


directly with a velocity 


SG Ss” 


VinmoEmoapsinay/ oi 
tmp = ey SINE 1— —— = 0.41 sina “a i 
o, mets (c8.88) 


A + result of this, only fragments proceeding from the central portion 
of the-ining will. have a substantial vclocity. 

We shall determine approximately the optimua thickness of the cumlative 
lining, and we shall carry out the calculation for a cone. Let the length of 
the Jet be equal to /=y , where » is the extension coefficient of the jet 
under armour-piercing conditions. | 


The mass. of the jet is 
M, = nhyyr Po» (68.59) 
where Tp: is the mean radius of the jet. 


In accordance with formula (67.5), tha mass of the lining is 


i] 7a 
M se EL say Noble Fe Reh Boy 
sin 5 sint 


Nere R, is. the base redius of the cone, 4 is the height of the cone (h {cos a, 


(68.40) 


where ‘4s the cone generatrix, approximately equal to the initial length of the 
jet by Je 
From equation (68,40) we obtain 
‘ - yg Abcosa . 
ry ERB ee i sing. (68.41) 
Bearing in mind that the maximum effective length of the jet, for which 


maximam armour-piersing is achieved, is 


ton oe lop-ott 


(Vart ao vue aoctimum extension for which the Jet still retains its monoli chic 
nature,, and solving equation (68.41) relative to.®, the optimum thickness of 


+29 lining ean be determined approximately : 


3. 34, r 
oy aT (68.42) 


2R2 cos a sin? > 


if we assiume,on the basis of experiment, that for a steel lining 


596 


Wace ' and ry= 0.80mm -(r changes little with chenge of *), then for the 
case we are considering (R= 50m, 2a = 85°, we obtein”- do --2.20mm, which 
is close to the experimental ly established value(2 - 2.5mm). 

In conelusion we shall. establish the limiting ratio of the mass of the 
lining to the mass of the active portion of a cumulative charge, for which jet 
formation oeases, 

For this, we shell assume (see equation (68.53) ) that the limiting 


pressure at which jet formation ceases is 
i) (68.43) 
If Pua » 20d the value of ‘flo corresponding to 4t are kno for a 
given material, tren Uys. can be determined, | 
For values of o<Uum aS we have already shown, further flow of metal 
and formation of a cumilative jet ceases, | 


Using expression (68.51 ) and taking into aocount the coe-ficient 1, 


we obtain 


M OAIDn\2 1 
Ca ("ae) —e 


(=~) . oan be determined by experiment. In experiments carried out by PAU, 
a/lis ~ 


with a 56mm ohorge of ammotol 00/10 of density 1.2 g/an” (D = 3400 m/sec) end 


with a copper conical lining (4 = 45 mm 3; ongle of flare of cone 2a = 57°, 


base 
oy . . e 
8:5 Smm, M = 429¢.), jet formation was completely absent. As a result of this, 


=) rm 4.57 ond lous 420 m/seo. Using forma (68.43), we obtain 
Lis 
Busts 70,000 ka/om’, 


” 


f a) oan be determined and also the 


My Un. 


limiting thickness of the lining for a cumulative charge prepared fram any 


Knowing the value of ji. > 


explosive, 


M 
For a oharge of trotyl/hexcgon mixture, (wm) 8 0.21, end the limiting 
Jae 
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thickness of the copper cone Bug «5 tO = 17,0 om 

We note finally that the value of Pum » established for the given 
material under conditions of compression of the lining, should be considerably 
less than the value of p,,, » which 1s charecteristic for this same material 
under armour=piercing conditions of the cumlative jet This is explained by 
the fact that the strength characteristiog of materials are not constant, but 
depend substantially on the nature of application of the stresa to the obstacle 
and on the conditions of its deformation 

For example, for a steel lining, the limiting velocity of the cumlative 
jet wv: orit OF & result of ite aotion on a steel obstacle, is equal to 2000 n/se0; 
which corresponds to the value Pus 48° 10° kg/cm’, For, w <u, the 
ermour=plercing characteristios practically cease The large value of py. in 
the given oase 1s explained by the instability of the cumilative jet and its 
contimious breakdown in the process of armour piercing 


Boo. The Effect of the Non-uniformity of Compression of the 
Lining on the Distribution of Velocities in o Qunative 
Jet 


From the theory of the aotive portion of a cumulative oharge, it is 
possible to establish the nature of the lining compression and distribution of 
velocities along the cumlative jet, which is of emalderable interest. 

In view of the fact that the ratio ‘M) 4 not constent for the indivi 
Gial elements cf the lining; but is redioed from the vertex to the base of the 
cumilative recess, the velocity of compression of the individual elements of 
the lining will also be changed; in accordance with expression (68, 51). As ry 


result of this it should be taken into account that the angle of alope o of 


»y 
™, 
cs 


the indivtauel elements of the lining to the axis of the charge will also be 
changed during the process of their compression, Tho net effect of these factors 
(non-conatancy of u and a) will have its effect on the rov-miform distribution 
ef velocities “:; along the curmilative jet’ The magnitudes or the activo portions 
of individual elements of the lining may be determined geometrically (Fig, 180). 
For this, it iy sufficient to mow the shape of the lining and of the charge, and 
also the weight of the lining and the weight if the charge casing, 

Since we are considering the action of the explosion products from the 
active portion on the lining, then the process of their expansion may be assumed 
to be one-dimensional, as before, In this case, the following relationship will 
be valid for an instantaneous detonation systen : 


” dui 


da, da; 
Ma = Ma eM Win; as SD, (69.2) 


where M, is the mass of the /»th lining ciement, 4 is its velocity, § 1s ite 
arza, ; is the path length of the (=th element to the axis of symmetry, 
Fipure,18Q, Compression of the conical lining of a cumiative charge 


Sinoe the mass of the -/.«th element of the active portion of the charge 
is equal to _ m= SL pg a) and 
=7i(_4£_\ . 
e=Piltta y (69, 2) 


where 


then 


. due Sp,D?* £ \8 mop? L_\ 
M, = b= HP" (, yam : 


Van 8 D+an BL \L +a (6y, 3) 
Henoe 

(BP py 

a(z) 0M Na(+- zy (69,4) 


Integrating expression (684) for the conditions that u=0 for n=0,. 


we arrive at the relationship 


Hat 3(\N (45). (69.5) 
Since ‘ , 
G=maAt): (69.6) 


where mt, and Ly are the mass and length of the alement of the active portion 
dying immediately next to the axis of the charge, then 


1 t(+) Mm [1 -( L y'}. 


B=IV Th Ta (69,7) 
fhe function (4) Gan easily be determined geometrically for any given 
shape of recess, The mass of any element of lining is also imow ; in the 
most general case . 
M, = Myo (+). 
Assuming that the angle through whioh any element of the lining approaches 
the axis of the charge is not changed (‘this angle is equal to 90° = »:), we can 


easily determine the "slam" velooity of an arbitrary element of the lining 


Actually, 
_ =A Xtand, (69, 8) 
and therefore equation (C97) oan be written in the form 
| “my F fy __ L 2 (69, 9 
S=2V ol! -(aptem) |: 8) 


be 


In the case of a conical recess with a lining of constant thiclmess 


For this 


where ¢ is the thickness of the lining, m is the density of the explosive, 
p. is the density of the lining metal, Ry) is the base radius of the cone. 


Now equat‘on (69,5) assumes the form 


a 1 Ropo siney 7, \ 
tT wpe (1 — ae Sit ee) 
py 2 
xy , | nae) 
Ro{1— ge ain) + Bam . 
' (69, 10) 
The value of w,,, as before, is determined by the expression ’ 
al (69,12) 


—s | 
For the sotual example presented above (Ry) = 30m, t= 2mm, aw = 17°80, 
to's 1,6 g/om’, 9: = 7668 g/om® and D= 7600 m/sec); having used equations 
(69,10) ana (49,11), we determine the corresponding values for u, and the 
velocity distribution #1; in the cumulative jet The results of the calolation 
are presented in Fig,181 (curve 1). 
Fipure 181, Velocity distribution along o ownilative jet 
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It oan be seen from the figure that the maximm velocity gradients in 
the cumulative jet arise on account of the lining elements lying towards the 
apex end base of the recess, This should have as its consequence the rapid 


breakaway of the jet from the pestle Figure 182, Compression of ao conical 


and the intense dispersion of the lining, taicing into account 
leading portion of the jet What the non-instantanelty of 
has been seid is found to be in detonation of the charge 


accordance with the results of 

experimental investigations, . 
In aotial charges, detonation 

does not take place instantaneously, 


therefore we should take into account 
the time during which the detonation 
wave traverses the diatanoe from the 
vertex to the base of the cone. After this time the vertex of the lining 
travels a certain path +,, a8 a consequence of which the angle of slope of the 
lining is changed (F1g.182). Since for the vertex of the lining 


Sas eli “(yt3)J-n He (89, 12) 
where 
Mo, _, Lops sin ay 
My eS 
then 


a, 


f = 


<a att I Fate eth 


Ue ea —— (69, 15) 


Here + is the time during hich : the detonation wave travels the path from the 


vertex to the base of the cone, It is obvious that 


bor 


= 1008 a9 


Sinoe 


Dy ' a 
f dx = (Lotaydx _ 
x Pia op 
an VE tee 


ww -f2 (1 +2 eae 2(1-49-2)F — 52s (%) (60.14) 


(for he 1 this solution 1s quite acourate); then 


fee) = Lease 1 cos a9 yi fete gina. (69.18) 
We determine x, from expresaions (6914) anJ (69,15): 
Enowing t) , it is easy to determine a, tho angle of slope of the lining 
to the axis of the charge at the instant of termination of the detonation : 


Fo a, MN (E— 0) 
‘ _aina 


where ¢—ci: ig the inorement of the angle, 


= C08 a — Sing ota, (69,16) 


In solving the neutralized problem it oan be assumed that the average 
value of the angle is . 
a+ ba 
1 Bag A my ts (69,17) 


In solving ihe problem by elements, it oan be assumed with sufficient accuracy 


that 
Aa, =1 _ a 


é 
re T (69.18) 
Therefore, in formlae, (69,10) and (69,11), in caloulating 4, and #u , 


the angle a should be replaced by the angle 


= 0) -+ Aa, 
For the example considered above 7 ae lL" f(xo) m= 0,257, whenoe 


, + = 0, 3 and. Aa 7, 6°. 
For the solution.of the neutralised problem(for calowlating: Wie), the 


error in the angle gives the coefficient 
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bal‘) 


tan ; 
tan (+ + 5) 


Thav— 


(69,19) 

In our oase 2 « 17°30! and 7h ay FL O.70. 

In order to find the velocity distribution along the jet, it 19 necessary, 
having been given 2, to calcoulate the value of Aq according to relationship 
(69,18). 

In our example 

Aa; = 6°] — 7). 

The nature of the velocity distribution by oelewlating the ohange in 
angle is shown in Fig, 161 (curve 2), For + = 0,5; %, = 7200 n/seo; which is 
very olose to the maximum velc ity of the oumlative jet,established for a 
similar charge ty experiment . 

We ‘shall now caloviate the coefficient ",applicable to formila (68,52), 
the volume of the active portion of the oharge ve = ZF? sin? api . 3 the limiting 
volume, in which the explosion produota from the active portion of the charge 
expand in the process of compression of the lining is Jv apes (see 
Fig,180) ; taking into account that 


—* tee 
%Mt+YU m4" (69, 20) 


po that p~c,' where c is the mean velocity of sound in the explosion produota, 
we obtain 


uw, £03 ay 
a en 
u+u T+ cosa,’ 


(69, 21) 
w+» is the limiting volumes occupied by the explosicn products from the 
active portion of the charge at the end of compression of the lining, 

The ratio of the energy remaining at this instant in the explosion pro 


ducts to their initial energy is 


bo4 


= — a Cos? ay 
1 AG (1 cos ay)? * (69, 22) 


The kinetic energy acquired by the lining is 


ee nr cos? 

weeks P= 6, [1— apap) 
As aj 0m 4 208 g 

By Open ae = pea = (69, 28) 


where n. is a coofficient which takes into account the incomplete utilization 
of energy in determining w, according to equation (68, 52). 

For the example being ‘considerod, nia 0.95. Since; as we have eatablished 
above; consideration of the error in the mean variation of the angle '@ gives 
© 0,70 for this case; then by determining W; qooording to formula (66.52) 
“Y= 95 + 0,788 0, 67. 

Sinoe the velooity in the owslotivo jat is increased from the front to 
the rear olements end then fells agein tewerds the end of the jet, redistri- 
bution. of velocities will take place, namely, the leading portion of the jet 

‘As @ result of this wild be accelerated ; ‘and the middle portion will be retarded 
Te diameter of the jet; as a result of this” inoreases somewhat,: | | 

In order to describe the Pinel velooity diatribution tn the Jet end to 
determine its diameter, we make use of the Laws of Conservation 

Let us consider the simple case, Suppose that the velocity of the jet.at 
the interval 0</<7 inoreases linearly from zero to Wo (for + =/—T y 
and at the interval l<ox<¢ iit falls linearly to zero (for x=! ), 

We shall superimpose the origin of the coordinate at the end of the jet: Over 
a certain time, a new regime is established; for which the velooity of the 
leading portion of the Jet is eqial to w:,,, . The velocity distribution will be 


ma 4 


— 
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and the ratio of the mean areas of cross-section U. the jet pricr to redistri- 


1—7 
bution and after distribution will be equal to —7-. 


We shell now prove this,’ Prior to redistribution of the velocities 
m=spl, Ml, == S1p (t--2), = My + my = Slr ‘ 


Neutralizing the velocity in the jet, we obtain 


Aye ne fy OH an, 
Deel ply eh 
| Eye Minas Ey a Minas 


2 
MW imax 


Ex Ei, +F= 


[ots the density of the jet,: s, is the area of orcss section (average); 
Lis the length of the jet] 
After redistribution of velocities 


m= sy (1—1), 
1a, Be 


which proves cur hypothesis. 
It follows from these relationships that 


or —__. 
mV TAT" (69, 24) 
The time after which redistribution ooours can be estimated from the 
relationship 
“ (69, 25) 
where.co 1p the velooity of sound in the jet material,: The path of the compression 
and rerofaction waves in both directions is taken into xocount by these 


relationships, 


£06 


Towards the end ¢° sompresaion of the lining, the length of the jet is 
L=To+ 0s mastoo (69.26) 
where =1— be . 
_ Actually,. the initial velooity distribution in a oumletive jet is not 
linear (see Fig.182). Consequently, @ preciss solution of the problem is more 
conplex. However, the jet can always be divided into several intervals and it 


can be assumed that in each one of them the velocity distribution is lincar. 
§ 70. Theory of the Armour-pieroing Action of a Cumulative Jet. 


The theory of the armour-piercing action of a cumilative jet wan first 
developed by LAVRENT'YEY. It originated from the hypothesis that as a result 
of the impact of the Jet with armour plate, high pressures ore developed, at 
whioh the strength resistence of the metal may be disregarded, and the armour 
plete may be considered as en ideal tnoompressible liquid. In acoordgnoe with 
this, LAVRENT!YEV considered the following problem in detail. 

Suppose that the jet ia in the shape of a oylinder with radius wot the 
velooity of all its elements is identicel and equal to Wie In addition, let us 
assume that the jet penetrates dnto.a cylinder with radius 71, coaxial with 
the jet. In this setting the problem is equivalent to the problem we have cone 
sidered of the collision of two jets; by changing the signs of the jet veloci~ 
ties, the mode of formation of the jet as a result of campression of the lining 
reiices to the mode of operation of the jet as a result cf ita penetration into 
a medium with the same density. 

In this case, Fig.177 may be oonsidered ss the mode of penetration of a 
jet 4 into en obstacle 8 if we assume that the obstacle B (pestle) ror.x+—oo 
has Mero volooity. Hence the relationsnip follows for the penetration velooity . 


of the jet (armourplercing velocity): 


ua Sh, (70.1) 
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It follows from relationship (70.1) that as e result of penetration of the jet 
to a depth L, a portion of the jet, also equal to L, is expenied, 1.e. the merc 
mim depth of ormour penetration is equal to the length of tha cumilative jet. 

‘If the jet and the armour plate have different densities, then the penc= 
tration velocity is determined by the forma 


“=, 


1 
oe (70.2) 


Lal VE, (70.8) 
where. ?~: and 62 are the densities of the jet metal and of the armour plate, 
and / is the length of the jet, equal to the a igth of the generatrix of the cone, 

LAVREXTTYEV showed that the original scheme proposed by him is valid, if 
the pressure resulting from collision of the jet with the armour plate exceeds 
2°10" ku/om®, 4.0. if wi >We, 4 * 10° n/se0. 

Results of verification hase shovm that velooities. and depths of penetration 
oaloulated by LAVRENT'YEV are differant from the experimental values in a numbor 
of cases. . 

The principal reason for the variance tetween theory and experiment is 
jn neglecting the compressibility of metals at high pressures and, in particuler, 
the structural resistance of obstacle material. 

The structural resistance of metals, as 1s well-known, incroases in general 
with inarcase of dynamic loading and, as we shall show below, under definite 
conditions it becomes commensurate with the pressure generated by the oumlative 
jet. . 

In this case, the depth of armour penetration should depend not only on 


the length of the jet and the ratio: of the densities of the metals, but also on 


the velocity of the jet and the structural oharacteristics of the armour plat, 
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The structural resistence p,, of metals, under conditions of dynamic 
stresses acting on +.em, cannot be determined with sufficient accuracy theoreti- 
cally, in view of the absence of reliable data. concerning the: variation of the 
parameters of the crystal lattice of metals at high pressures. 

The value of ‘pst may be established, however, on the basis of experimental 
data for the limiting velocity of a cumulative jet Wiorit , et which.the armour 
piercing action ceases. 

It is obvious that for this velocity, the pressure of the jet will be 
palanced by the total resistive forces of the obstacle, which is compounded fram 
the inerti,1 force “py, and the structural resistance Pat * 

However, since in the vioinity of the limit of penetrability the velocity 
of motion of the metal of the obstacle is negligibly small, the quantity 
Pin Can be quite reasonably neyleoted, and the value of | Pst C8n be determined 
from the theoretioal relationship ‘between the pressure and the velocity of the 


cumilative jet. 


Table 106 


Critical Velocity of armour-piercing 


Obstacle matertal Material of cumulative | Critical velo= 


jet oity of jot, 
m/sec 


Duralumin 2900 


Steel 8800 
Steel 2050 


Tempered stcel 


Results of determination of’ wig, for certain metals, as obtained by 


BAUM and SHEXHTER, are presented in Table 106, 


With the objeot of determining Mien, for any material, the limiting 
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thickiess of armour penctration was established accurately at 3 = 5 mm, end 
the exit velocity of a cumlative jet at this thickness was measured photo- 
graphically. Figure 183. Velocity distribution 

Figure 168 shows a photograph along a cumulative jet. 
on witich the motion of the rear 
portion of a cunflativa jet is 
recorded, 


It follows from Table 106 that 


Wigrit depends on the relationship 


petveen the densities of the metals of 


the jet and of the obstacle and their 
physico-mechanical characteristics. 

Thus, it may be concluded that not the whole of the jet possesses 
exmourmpiercing capabilities, put only a certain portion of it, which we shall 
osll the effcctive longth of the jet, fey 

dhe quantity I, is determined by the nature of tho velocity distribution 
along the cumulative jet, as I'ig.185 shovs diagrammatically. 

Naturally, in order to determine [ur , it is neceasary to consider the 
jot at the instant of its maximum extension, ut which it ctill retains its mono~ 
lithic character, It is obvious that in this state it will possess maximum 
ermour=plercing capabilities. The value of yy can be calculated if we know 
the law of motion of the cumlative jet. 

The theory of the srmourpiercing action of a jet, takings into account 
the compressibility of the metals of the jet and of the obstacl: and also its 


structural characteristics, has been developed by BAUM and STANYUKOVICH. 
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On. Motion of a Cumilative Jet. 

We shall consider first of all the motion of a cumlative jet in air. It 
is obvious that at relatively small distances from the ocharge(up to several 
metres), which are also of practical interest, the alr resistanoe can be neglected 
and we can consider the motion of the jet as in a vacuum. Furthermore, it is 
obvious that the internal pressure in different portions of the jet is alose 
to atmospheric and the pressure gradient ($2), 4s emall in comparison with the 
velooity gradient (35), . It can be asmumed that (2) =o. 

In this case, in order to desaribe the motion of the jet, Euler's equation 
for nort~stationary » one-dimensional motion of liquids ean be used 1 

Hu fey LP on, (7404) 

Yor = o (in the given case ue th) the generel solution of equation 

(72 01) 48 weitten 4n the form 
 xmmut +P (u). (74.2) 

Knowing the lew of distribution of the velocity u with respect to the 
coordinate *,at any finite instant of time, for example for {= » it is easy to 
determine the arbitrary function F(u) (origin of the time reading and of the | 
coordinate are entirely arbitrery, since in equation (71.4) and 'x appear 
under the aifferential adgn). 

Suppose that for ‘fen0, ‘u=f(x) or mole) » where o(u)i is a given 
funation of the velooity; then 4t is obvious that _ 

OL O’ 
i.e 
x=ut-+9(u). (74.08) 

The isoganal motion 4s inertial; every partiule of the jet hea a constant 

velcoity, determined by the initial conditions, end independent of time. Hence, 


it follows that 


b}/ 


(H)= 4b = thy (Xp), (74.4) 
where to desoribes the velocity distribution as a funotion of the Lagrangian 
coordinate *0 , The value of x9 defines the position of 4 partiole. at. the 
instant of time ;/=0. 

At any arbitrary instant of tima «{>0 , the position of a partiole. 
is determined by the expresaion 
£22 X +tty (Xo) t. - (74.5) 
Suppose that for t=0 the length of a certain part of the jet is 


4,2) = ¥a,0— Fi 0 


Then, for ¢>0 , the length of this part of the jet 1s determined by the 
expression 
fea,a = iy a, + (4a, o (Xs, ») — 1,0 (1, o)] (71.6) 
We shall consider two posaible cases of motion of the jet. In the first 
oese we shall asmme that the velocity depends linem ly on the ceordinate, 
dee. for tO" 
unsiy (1—o-72), (71.7) 
where uy is the velocity of the leading portion of the jet, a.ia a dimensionless 
coefficient which depends on the velocity gradient and which oan be determined 
by experiment from data concerning the velocity distribution alang the jet, 
lo de the initial effective length of the jet. 
For xml , 
ti tp(1 0) = torts « 
where ig HO Mors 
Henoe it follows that 


(74.8) 


From expression (71.8) we obt,in 


— (74.9) 


Using expressions (71.5) end (71.8), we obtain the relationship . 


Hence, we determine uacu(s, f): we 


+—“_ 
= to uy —4 grit (71.10) 


The position of every particle of the jet for {>0 is determined by the 
relationship 
xX tjil— — Sorit -*o 
ott {1—(1- ra ye] (71.11) 
The effective length of the jet is determined by the relationship 


» bata bat (tho — thew) € (71.12) 
In the second oase we assune that at t= 0 ', the velocity distribution 
Along the jet 4s determined by the law 
x a +) , 
weuy[(1—272)-+0(72)') (74018) 


Suppose that for Kel). 5 ‘Umiuerit § ¢ Then 


4 orit __ 
a! a+, 
whence 
p= -8+a—1, 
which finally determines 
‘ es - 4 ag 2 
gine t+ 442), (72644) 


whereupon the parameter «a should be determined by experiment. It is easy to 


determine the value of x for />0. from equation (71,14) 3 


xm so tat [1— 284+ (21+ ah (32), (72.15) 

The total effective length of the Jet as a result of this 1s determined, 
as before, by relationship (71,12). 

During the process of motion, the: Jet, having extended, loses ita mono- 
lithic nature in the course of a certain time ty, . We shall determine ‘,,- 

In this case, when the veloolty along the jet varies according to a 
linear law, the relative extension of the jet can be expressed direotly by the 
relationship | Figure 1 Diagram of true stresses,’ 


ostue (71,18) 

If the process of extension of 
the Jet ia limited only by the region 
of elastic deformations, then in 
order to determine ¢,. we can use 


the wellelmown relationship 


o=Ee , 

where ¢, is the temporary resistance 
of the metal, ¢ 1a the relative extension, and £ 1s the modulus of elasticity. 

However, deformation of the jet 1s accomplished after the limits of the 
elastic region, in view of which Hook's Law cannot be used in the given oase 
for oaloulating the relative extension of the metal, For this we mist use fixed 
experimental relationships which establish the connection between the breaking 
load and the relative! extension of the respective metals, In order to obtain 


by, 


these relationships, diagrams of true stresses (Fig,164) may be used, which 
dnolude the region of -plastio deformation as well as the elastio region, for 
which the law of inorease of tension 1s characterized by the equation 
| a a m= A(t) 

Substd tating this equation by the approximate equation 

| o = Da-+ const, (71417) 
where D 4a the stredigth nbdilue; lowing the quantity S, and negleoting elastic 
deformation, the relative extension ‘oan be determined approximately from the 
dlogram 

tat, (71,18) 

where §,,40 the resistance of the metal at break 


We find from relationships (71.16) ana (71.18) that 


I S,—#, 
tue pa (71.19) 


Substituting the value found for ‘/,, in expression (71.12), we find, 
finally, the relationship for the limiting effective length of jet 


law l(1 +“), (72. 20) 

It is not possible, meamhile, to usp this forma directly for mmetical 
calculations, since the existing values of S, and D are veld only at normal 
temperatures and small deformation velocities of metals,’ By increasing the 
temperature and velocity of deformation, these values are changed. The values 
of S, and D at the temperatures and enormous deformation velocities which are 
attained by the motion of a cumlative jet, are not knom at present,! 

Equation (71,20); however, leads us to the conclusion that in order to 
dnorease © lau - , and consequently also the armour~pieroing effect, it is 
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necessary to ensure such a combination of the physico=-mechanical properties 


of the lirdng metal, at whioh the ratio | S,—*, attains the grec ust 


—-_ 


possible value. 

On the basia of data with respect to the armour-penetrability of cumulative 
charges and from X<ray photographs of cumlative jets; it my be assumed that 
for a lining .ade of mild steel 


1b, 
dee’; ‘4, emounte approximately to 3/, where Jo. ia about the length of the 


generatrix of the oumulative, recess. 


9 72,. Physical Principles of the Theory of the Armoux=plercing 
dotion of a Oumilative Jat 


In constructing the theory of the armourspleroing sotion of a aumilative 
jet; 1t 4s not possible to proceed without clear 1déas concerning the 
mechanism of destruction of the armour plate, 

It is difficult ta datermns, without preliminary analysis, whether we are 
dealing in a given case with large-scale destruction of the material of the 
armour plate, or with some other phenomena, 

Elementary calculation; generally. speaking, indloate that even close to the 
limit of penetrability, the energy of a cumulative jet is mfficient to cause 
mel ting of the metal of the armour plate, 

We shall determine the limiting velocity of the jet, for which comlete 
fusion of steel can still be achieved, assuming that the lining, and consequently 
also the Juc, copaist of the same metal, 


The Ieinetia energy of unit mass of the jet ia 


bya ie, (72,2) 
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The energy required for melting unit mass of the obstacle is 
=. 9. _ (72,2) 

For steel at nornal pressures, q = 05 kcal/g, 

Comparing equations (72,1) and (72,2); we obtain far the oasevwe are 
discussing, uy, = 1600 m/sec. 

The acttal value of y_ ahowld be somewhat greater, since at thé high 
pressures (around 10° kg/am*); experienced by the metal at the instant of impaact, 
the melting point and the speoific heat of the metal will be considerably higher — 

‘ than at normal pressure, Le. tye , Wid approximate to the value of ui, 5 
which for normal steel is equal to 2050 m/sec 

However, it is difficult to assume that under impact conditions of a cum- 
lative jet, having-e duration of a few millionths of a second, total exoitation 
of all the derrees of" freedom oan occur, which determine the conditions of 
fusion of the motal of the obstacle! 

We are also led to this same conclusion by the experimental foot that the 
depth of penetration for metals with very similar nature(with practically identi- 
coal values of -q and equal density), dependa significantly on their strength 
ochoracteristice, 

For exampl., for steel with a hardness H; = 125, linn st = 2000 n/seo, but 
for tempered ste: with Rc = 50; “erit = 2200 m/seo, 

_ Still more significant are the data concerning the effect of the strength 
of the respective metals on the depth of penetration These data have been 
obtained by BAUM and SKALYAROV. 

The results of their experimental determinations are presented in Table 107,: 

The experiments were carried out with charges of trotyl-hexogen 50/50, 


With a diameter of 42 om ond a height of 84 ma; the oumlative recess wog 
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hypercolio in shape witn a lining of aluminium alloy of thickness 2 am, 
Table 107. 
Relationship between armour-pieroing action of a jet 
and the hardness of the aYTIOUT, 


Material of obstacle Brinell Depth of penetration; 
hexdness Dt. 


On the basis of what has been soid, it may be concluded that the metal. of 
the armur plate during the process of aotion of the cumulative jet, is evidently 
in 6 peculiar quesi-liquid state, the transition conditions for whiah depend 
mibstantielly on ite strength characteristics, | 

In future, we aholl use the quantity p,,, as « primary strength charaoter= 
iatle of the metal; which is easily derived by experimental determination 

The following physical factors enoulé fexrm the basis of otructhire of a 
more preoise theory of the armur-plercing effect, as shorm by the xesults of 
experiments which have been carried out ; 

1 At high pressures; arieing as a result of the interaction of a oumtlative 
jet with en obstaale; 1t'4s neoéssary to take into account.the compressibility 
ef the metal, which becomes considerable, 

2,' The atrength <iarooteristies of the metal of the obatacle have a consi~ 


derable influence on the depth of penetration,! Destruction of the armour plate 


is associated with the overcoming of the structural forces in the metal ang 
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its transition to a qiasiliquid state, 

5, Taking into account ’1e olroumstanse mentioned, the veloolty of penstration 
can be computed as the velooity of motion of the boundary of separation betvoon 
the metal of the jet and the metal of the armour plate 

4 The depth of penetration for approximately equal conditions is determined 
by the effeotive length of the cumilative jet Jy , for which its velocity 
becomes equal to u,., « Penetration ceases on the jet attaining this velocity, 


6 75. Velocity of Penetration and the Pressure as a Result 
of Impact of the Jet with an Obstacle, 


As ao remit of the collision of the jet with an obstscle, a shook wave 
originates in the obstacle as well as in the Jet ‘In order to determine the 
pressure developed on penetration of the obstacle by the jet and the velocity 
of penetration, the well-known relationships of the theory of shock waves can 


be used : 
Ha = 4 — V py (Wi,0— Vi, a) = V Ps (Us,0— %, 0) (73,1) 
where u da the velooity of a corresponding element of the jet, ‘u,. is the 


velocity of mtion of the boundary of separation of the tm media (armque 
‘pleroing velocity) ; Pa is the pressure at the boundary of separation of the 
media at the instant of impeoct, tio “MN,o are the speoifio volumes of the im 
pasting body (the jet), initially and at the instant of impact, %0 3 %,0 are 
the specific volumes of the body subjeoted to the impact (the obstacle). 

We shall suppose that | Un = Uo(I— aj te After a fow ‘transformations, 


relationship (73,1) leads to the following formulae, wWhioh determine 94 end us : 


Puy 7 ay (75, 2) 
Va+|/ oe 


eV ne a tuo (75. 3) 
where 1.0 and %:,0 are the initial densittes of the impacting body and of the 
body suffering impact 

In contrast from formula (70.2); established by LAVRENT'YEV,; equations 
(73.2) and (73,5) take anto account the effect of the compressibility |(%) of 
the impacting bodies on tho armoumpiercing parametera. 

It follows from formule (73.5) that in the oase when the jet and the 
obstacle consist of one and the same metal (@1= 42 5 Pio =p,9), the valooity 
of penetration 4, => . 

In this partiowler case, formulae (75.3) and (70.2) lead to an identieal 
result, It was shown in Ohepter IX that at pressures of around 10° kg/cm? and 
higher, the relationship between p and ¢ ia eatablished by the law 


Pom Al(42)— 1], (75.4) 
Expressing te by @ and using eqiation (73.4), we find 


fia" 
i 


Qos[— 
Pa \n 
(1+) (75.5) 


Substituting the relationship obtained for a in equation (73,2), we obtain 


(73.6) 
The velocity of motion of the boundary of separation 4, , caloulatad 


according to formula (75,5), corresponds to a medium, the strength of which ia 
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not taken into account (water, lead, eto). 

Under actual oonditions of aricwurpiercing, it is nesessary to take into 
account the structural resistance of the armour plate metal p.t »a8 a conse= 
quence of which the actual velocity of motion of the boundary of separation, 
equal to the penetration velocity, will be leas than u,. We shall dencte this 
velocity by uso 

The quantity up., oan be determined by the formla 


tta,0= V (Pa Pyt) (02,0 Va, 0). (75,7) 
Here p,, is interpreted as the initial "Internal" pressure in the metal 
of the armour plate | 
Transforming relationship (73,7); the following relationship can be written 


down for Uso 3 


or finally, 


Hao =U “W tem — at . 
a; fF % 0 
(+ 76 noe =n (73.8) 
For pa, ot? > appar 9 relationship (75,8) transforms to relationship (75, 2) 


and if the Jet and the obstacle consist of one and the same metal, then 1, ,— 4 


= 


7 
At the velocities u of cumlative jets which we usually encounter in practice, 


the value of 4,5 


yo 
<7z: 
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For po=/Pst » Uoo=0, Which is attained for u=ton, «© The 
results obtained correspond to actual conditions of ammour-piercing by 
cumulative charges, 
Knowing the value of ern, by experiment for the appropriate metals, 
it in easy to calculate values of pst for them, For this purpose relationship 
(73,6) 18 used, which, after aubstituting u=uen ond po=pa init, assumes 
the form 
Pair 4 eee 71 \7 
Vat Say 
(1+ 5)" \ +e 
= Opi, odors (73.9) 
The caloulation of »,, 1s conveniently ourried out by a graphical method, 
For this purpose different values are assigned to Pa and the corresponding 
values of.v are oalculated, The results of the calovlations are presented in 
the form of graphs of , Pam! (u) , which cay be used to determine p,; sccording 
to the values of ori, found experimentally. 
The relationship between the pressure p and the velocity u of a cume 
lative jet 1s presented in Table 108 and in Pigure 195. 
Figure 185. Relationship between veloolty and pressure ef a remilt of 
the interaction of a cumilotive jet with different obstacles, 
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It oan be seen from Fig,185 that for ateel with hardness y, = 125, 
fg = 4408 + 10° kg/om®, and for durelumin with a hardness Hs = 115, 

‘Pa = 28° 10° kg/em’, 

We note that Pat: for ateel amounts to about 20 — 25% of the maxim 
(initiel) pressure, which originates in the obstacle at the instant of its 
collision with the leading portion of the cumilative jet 

, The caloulation of the penetration velocity .us¢,) 18 carried oub in 
the following manner. Using the graph (Pig,185), the corresponding value of 
pe is found for a jet velocity i and then «i: anda; are determined according 
to formia (75. 4). The values found for these quantities are substituted in 
relationship (73, 8). 
Table 108 
Relationship between the pressure and velocity for 
penetration of a oumilative jet 


‘a B/seo a, 0/880 ‘+s, m/eco 
(duralumin jet through | (duralumin jet through|(ateel jet 
duralumin obstacle) steel obstacle) thrwugh 

ateel ob. 


‘The results of a few caictilations which have been carried out, and 
applicable to obstacles. and cumlative jets of steel and duralumin, are 
presented in Table 109, where the relationship between u,o and the jet 
velocity 4 is given 

Table 109 . 
Relationship between penetration valoaity and Jet velocity, 


Jet material = Duralumin Jet material = Steel 


Acmour plate material = Steel Armour plate material = Stcel 


‘| 1890 
2260 


SOOO 2650 7000 2540 


In Table 110 the values of the average prnetration velocities are 
compared, which have been established experimentally and oaloulated according 
to LAVRENT'YEV's formula and according to formula (73.8) ,for the initial 
atages of armour-pieroing (thickness of armour 22 = 50 mm), The average velo~ - 

“elty » (Ua) of the element of a jet expended in the process of armour penetration 
was ohogsen for the olaculations. 


bay 


Table 110 


Experimental and calculated axmour-piercing velocities 


Average 
Thiokness of | Obstacle velocity 
obstacle, material | of’ elenent By expert=| ° Py a Lavrent'yev! 5 
mM. of jet Bay » (73.8) | 


Formila 


It can be seen from the Table that the results of theoretical oalculation 
by formula (75.8) and those by experiment are in complete agreement. 

The results, caloulated by LAVRENT'YEV's formila lead in all cases(even 
for the initial stages of penetration) to a higher value for the penetration 
velocity. Naturally, for greater depths of penstration, this discrepancy will 


be markedly inoreased. 


Bx. Determination of the Depth of Penetration 


We shall oonsider the problem of motion of the boundary of the medium 


(penetrability) in general form. The penetration velocity of the jet is 


: de P at@a 
aie Arey ae 
| 4 Pro (74.1) 
where u laa NAinotion of * and /, 


Transforming the right hend side of equation (74.1), we obtain 


de = 4 WV Wa TE) + at", 
a=" 41 Pa, Ete) Pa, of ‘ 
i( i+ Js 4 P10 (7462) 


where ug, iS the initial velocity of the leading portion of the jet. 


645° 


Introducing the notation 


Pao _ Pat 22 _ ba 
i+ Vie a2 Pio " Ps, 40 ~ pi! (74.3) 


we oan write equation (74.2) 3 in the form 
cat iV — fa, 


where 4. is the effective singin of the jet for (=0. 


(74.4) 


Solving this differential equation for the initial conditions ‘xs=0, . 
1=0, usu) and f(0,0)==1,:. we find ‘x=F(t). , Knowing that at the end 
of penetration aan rit =, dt oan be determined that . +,=L,, by similtaneous 


solution of the equations «,=—F(t,). and f(x, 4) a fers y Where L ia the 


depth of penetration and r, 4 the time to the ‘end of penetration. ° 


Figure 186.° Linear distribution of The aclution of this problem leads 
velooities along a | to a cumbersome expression, from whicti 
amulative jet. the value of Loen be determined by the 


method of successive approximation or 
by tables. 

. However, the depth of penetration 
oan be determined more simply. Yor thts, 


we require the velocity in the jet to be 


neutralized, s0 that the Lew of Consexm 
vation of Energy for the jet is fulfilled. 
Hor a linear volooity distribution in the jet, which follews from simple geometri- 


cal considerations(Fig.186), we can write 


m— 4 _h@—* 
Hy 8 orgy 4 
or, 
w= ty —(1 —+) (9 — Werte) . (74.5) 
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(h is the length of the jet at the instant of arrival at the armour plate); 


the energy of the jet is 


E= shopou® ~ ip fe at == 4 [at ares tp (Yo — tod] i bo 


Stora fg ()— Yori . 
mo uw. + eth get (lg — Hort) 
(ut. ar aan rarit (49 — Lar, ). (7446) 


and from equations (74.5) and (74.6) we can obtain that 


A+ Arit, worst . 
7 Uo up 
ee Sr (74.7) 


where « ~is:the neutralized velooity of the jet. 


In order to caloulate the depth of penetration, we obtain the equation 


Uo, ome 2E pop VISR | 


Integrating this expression, we have 
bm VII (74.8) 

where L is the depth of penetration, ¢,° is the time to the instant of completion 

of the penetration. It is obvious that 


i= ott, . (7429) 
whence . 
t 
Sa  — 1 —— —— ely 
H ‘ 
° i+V 28 (74.10) 


For Pat -* 0. r) 


1 Fo Pi, 


a Pa’ on. (74011) 


. t = 
If the compressibility ooeffieient of the matals of. which oonsist the 


jet and the obstacle are identical « (a:=a), then we arrive at LAVRENT'YEV's 


Lenk, V2. . (74.12) 


formila 
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From the relatiouships which have been obtained, it dan be concluded that 
the ermourpiercing capability of a oumulativ. jet, for approximately equal. con- 
ditions, is proportional to the length of the goncratrix of ‘the lining. ‘Therefore, 
for equal heights, a lining of hyperbolic shape is more advantageous than a ooni-' 
cal lining. The use of a lining-with a generatrix in the form of the branch of a 
logarithmic spiral is jrrational, since it forms not a normal jet but a sphericel 
bullét. 

In order to achieve the maximum armourepiercing effeot (L=L,,,) it is 
essential that the quantity <4 be chosen in such a manner that during the time 
of the entire subsequent process of penetration of the jet into the armour plate, 
the jet should maintain its continuity. 

The optimum Value for Tj=!,4+R,- (lg 468 the initial length of the jet; 
R,is the focal distance) is equal to the optimum distance of the charge fran 
the armour plate, at which the cumilative jet has the maximum penetration caper 
bility. ; 

Consequently, in the case specified, the canoept of "focal distance" has 
a completely different physical significance than for a cumulative charge withe 
out lining. . 

For approximately equal conditions, the focal distance will be greater for 
the charge having a cumilative lining of metal which has a greater capability of 
being stretched without breaking down. 


For modern cumulative charges with a oonical recess and iron lining, 


where 4 is approximately equel to ‘the length of the generatrix of the cone. 
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g 75 Determination of the Diameter of the Hole 
An accurate determination of the diameter of the hole is extremely 
complex However, an approximate relationship for calculating the diameter 
of the hole can be obtained as a result of the following considerations, 

It may be assumed that after the impact of the leading portion of the 
jet with the surface of the obstacle, transient high pressures 5, are 
formed ( which we calowlated above). These pressures are relieved very 
repidly; as a consequence of which radial motion of the material of the 
obstacle takes place under the action of the inertial forces, Bearing in mind 
that the lateral shook wave is almost cylindrical, tho following relationship 
oan be written down : 


oad (7561) 
where ,,, is the lateral pressure, p, is the pressure in the axial direotion,; 
ro is the meen radius of the jet and'R, is the current radius of the hole, 
Assuming that the radial mtion of the metal ceases when = 1;= Pat | 
we oan find the radius of the hole from equation (75.1) 


(Re) = 1o(—2-) 


Pat (75, 2) 


At the instant of completion of penetration, i.e when p, = Pat? 
Rum hoe In the example given, the maximum value for p, ® 20 108 keg/em’, 
Pot © 50° 10° ke/am%, The mean radius of the Jet; 7) 4s determined by 


the forma - y2 Rica a 
raV 3 — sin 


a 
Substititing the values 2R, = 6O mn; ‘Omg mm, a= 85° for our actual 
Oasé and assuming thet the meximim coefficient of extension for present=doy 


steel casings  ~ 5, we fina th. = O76 mm! 
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Using equation (75.2), we find the maximum diameter of the hole 
d, = 2R, = 24 mm, which is in good agreement with experiment. 

When the charge is exploded under such conditions that the process of 
normal jet formation is disrupted and its effective extension is not achieved 
(for exarple, if the charge is placed immediately on the armour plete), then 
the diameter of the hole may be considerably inoreased , which 1s, in fact, 
observed in praotioe, Naturally, the depth of penetration as a result of this 
is reduced(since the length of the Jet /</eii 


§ 76, Effect of Rapid Spin on the Stability of a Cunilative 
Jet and on its Armourpleroing Action. 


It is well-lmown that the armur-pieroing action of a spinning cume~ 
lative ammunition is less than that of norm-spinning amunition. With inorease 
of angular velocity of a oumilative charge, the negative effeot of spin 
motion is intensified, Systematic investigations of the effeot of spin 
on the cumulative effect, as a function of the dlameter and shape of the 
recess, the angular velooity of the charge and the distance from it to the 
obstacle, have been oarried out by BAUM, Certain experiments in this direotion 
were also carried out under the leadership of LAVRENT'YEV, 

The Effect of Oalibre(diametor of the base of the recess) of a Charge 


on the Arnoump Jeroing Effeot with Spin. For investigating the effect 


of this feotor, charges of trotyl-hexogen 60/50 mixtire were used in steel 


casings with a conical recess, The omulative cavities(linings) were of ateel. 
. The experiments were carried out at  spiz velocities of 20,000 +o 50,000 
mpm The charges were exploded at the focal distance from the armour plate, 


The resilts of these experiments are presented in Table 111, 
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It is obvious from the table that with inorease of calibre <= the 
charge, the negative influence of rotation is intensified, and ~ a large 
extent for charges with a deep conical recess, This is explained by the Pact 
that ‘in view of the Law of Conservation of Momentum, the elements of the jet 
will have an angular velocity determined by the moment of the momentim of 
the corresponding lining element relative to ite instantaneous axis of 

spin ag a result of "slamning". ‘the maximm anguler valoolty of the jet 
is determined by the expression 


=o, /.\ 
set Gq (z) , (76.1) 
where wo 4s the angular velocity of the charge, p,.is the base radius of the 


cone, Re is the base radius of the cone(pestle) after its total compression 


Table 112 
Effeot of spin. on the armour=pleroing action 


of cumiative charges, 
. ; 
as" 
Without |'s = 20,000 


Diameter 
of base of apin Te De Ie 


reoess, mm 


Here 2. refers to the pestle and not to the Jet, since at the instant 


of formation, the pestle and Jet comprise a single body and consequently; 
: F) 


’ 


L3/ 


they have identioal angular velocity. 

It follows from (76,1) that with increase in calibre of the charge, 
the angular velocity of the jet inoreases considerably, which, as we shall 
show below, has a negai.ve influence on its stability. 

Effect of Angle of Flare of the Cone on Armourepiercing Effect, as a 
Result of Spin. With the objeot of investigating the effeot of this factor, 
tests were carried out with 76-nm cumilative cherges, having . conical re- 
cesses and an angle of flare of 6v°, 35° ana 27°, The results of these tests 
are presented in Table 112. 

On the basis of the data in Table 112, we can draw the following con 
clusions . 

1, A high cone with a stationary explosion guarantees greater armour- 
piercing effeot than a low cone. This is explained for the most part by the 
fact that with a high cone, a greater length and greater velooity of the 
cumilative jet is attained, 

2. The negative effect of spin, for approximately equal conditions, is 
intensified with decrease in the angle of flare of the cone, This is explained 
by the fact that a long jet, because of twisting under spin conditions, i: 
Less stable. 


Gir 


Table 112 
Effect of the flare angle of the cone on the armoureplercing 
action cf spinning cumilative charges 


Parameters of Penetration effect, mm 


Shape of ‘ee , 3 Rodustion of 
recess imme : i armour~pilercing 
effect by spin, 


The effect of spin velocity on tho armour-piercing effect is show in 
Table 115, 


Table 115 
Effeot of spin velocity on the armour-piercing effect 
of cumilative charges 


amaters |_ penetration, mn 
ot recesa : 


In Table 114; data are presented characterizing the effect of spin as 
a function of the distanae of the charge from the armour plate, 76-mm charges 
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with conical recesses were tested, 

It can be seen from the table, that by exploding charges with a conical 
recess (/i/d,,,, = 1 ) under stationary conditions, the cumlative jet 
possesses a quite stable armourepleroing efficiency at distanoes betiveen 
charge and armour plate equal to twice the calibre. However, the negative 
influence of spin on armourgpiercing capability of a cumilative jet cormonces 
to be effective even at very short distances between the charge and the armour 
plate, which testifies to the rapid disruption and brealdiown of the jet under 
apin conéi tions, 

Table 114 
Relationship between armour-pieroing action (depth of 


penétration, um) and the distance between charges and 


armour plate 


Distance between charge 
and armour plate, mm 


T= [el] 
100 152 © - 120 
70 90 70 40 


In studying the question of structure and the reasons for disruption 


Spin velocity 


Without spin 


20,000 re pe lh 


of a cumlative jet as a result of spin, it is particularly interesting from 
the point of view of principles, to determine the behaviour and operating 

regine at relatively far distances from the point of explosion of the charge, 
at which are observed quite distinet symptoms of disruption of the jet, even 


as a result of normal stationary explosion, 
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Q7. Concerning the Stability of a Cumilative Jet 


Ficure 187, Effect of a 76~—nm CunI= 
lative charge on a slab 
(distance between charge 


and slab 4,5 mm ). 


Thrown 
© punoture | * 
etndentattons 


‘ 


verted into a stream of finely divided metallic particles. 


The results af investigations 
permit the conclusion to be dram that 
the most important initial forms of 


disruption of the jet appear to be 


“tn the following : 


1. In the breakdown of the mono- 
lithic nature of the jet under the 
action of velocity gradients, as a 
consequence of which disintegration 
of the jet takes piace into a large. 
or stall number of elements, As a ree 
suit of large gradients, intensa dis~ 
integration of the jet may ocaur, ané, 


a5 a consequence of this, it is con- 


The foll in armour-pieroing capability with distance in the given case 


is a consequence of the reduction in density and radial divergence of the jet 


because of the resistance of the air. Pigure 187 shows the zone of lethality 


(holes and indentations) of 20-nmm armour plate of a 76-nm oumlative charge 


at a distance of 4,5 m from the site of explosion (this zone is elliptical’ 


in shape with semimaxes ¢ = 18 cm and / = 38 am). 


2 In the expansion of the jet and its subsequent radial disintegration 


under the action of the energy of elastic compression; accumulated in the 


Jet during tho period of its formation, A similar type of disruption is 


distinctly observed with jets from lead, whieh has a large volume compressiFility. 


a 


6.34 


Tie nature of the jet formed by a lead lining is showm in Figure 182, 


Figure 188, Lead cumlative jet : 


a) = charge prior to explosion, b) - formation of lead ,cum- 


lative jet, 12 microsec after explosion, 


3 In the tristing of the jet as a consequence of asymmetry of the 
explosive impulse or of the cumulative crater, which leads to deviation of 
the individial elements of the jet from their normal trajectory and to a 
reduction in the armourpiercing efficiency (Figure 189). This form of insta- 
bility for the appropriate conditions(in the case of a relatively large 
twisting of the je+ and its destruction) may lead to the formation of tno or 
more perforations in the armour plate, 


Pigure 189, Destruction of stability of a cumlative jet 


. ‘Mwdating of jet 
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Under actual conditions of usage of cumrlative charges, the possibility 
should not be excluded of the simultaneous appearance of all the factors which 
we have emumerated, 

Under conditions of stationary explosion, disruption of the jet is only 
sufficiently noticcable at rclatively large distances from the site of the 


explosion, However, as a result of rapid spin of the charge, the jet, under 


Fipure 190. Effect of a spinning cumlative FPipure 191, Effect of non- 
charge on an obstacle spinning cumlative 


(2 = 20,000 mpem) charge on an obstacle, 


the action of centrifugal forces may even undergo more profound disruption 
at once, associated with the increase in the extent of tisting of the jet 
and with the radial dispersion of its individual elements, ‘fhe phenomena 
mentioned, at Cistanses re2stiycly close to the charge, ahoula lead to an 
inorease in the diameter of the hole, to brealup of the jet with 
similtaneous reduction of the depth of penetration, and at larger distances 


to practically total elimination of the armour-piercing effect 
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Sicure 192 Action of a non=spinning Tre considerations mentioned are 
ounmlative charge on an foond to be in complete agreement with 
obstacle. the results of experiment, Thus, for 
exammle, Fisure 190 shows the effect 
of a cumtlative jet on on obstacle 
under conditions of explosion of a 


cherge having a spin velocity of 


20,000 rpm In the given case, as a 
consequence of tho disvuption of the 
jet, several indentations were formed in the armour plate, which were spread 
over a relatively large areca, The remilts of the action on armour plate of a 
simtler charge as a result of stationary explosion end identical distance fron 
the obstacle are shown in Figure 191. 

A stecl screen with e thickness of 20 mm was placed in the path of the 
 gamilotive jet from a 76-um charge at a distance of 135 em from tho charge, 
The nature of the demage to the sereen as a result of stationary explosion ia 
shovm Fig.192, and the same with spin is chown in PMig,193, 

On the basis of the data presonted, it can be conoluded that the obeprved 
differences in disturbance of the stability of the jet as a result of spin 
and under conditions of stationary explosion ore only of a quantitative 
nature. Disruption of the jet, observed with stationary explosion at rela- 
tively large distances from tho charge, occurs at considerably smaller dis- 
tances with spin 

Tke deformations of a cumilative charge as a result of possible 
asyrmetries of the explosive impulse and of the taining were investigated 


th 


coretically by KREIN, From the results obtained by him, it follows that 
a 
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even with slight esywmetry of the cumlative lining or of the explosive 


impulse, aisplacement of’ the centre of formation of the jet takes place 


Figure 195, Effeot on an obstacle of relative to the primary axis of 
a spinning scumilative the oharge, In conneotion with thia, 
charge. and also ag a consequence of the 


ahange with respect to time of the 
direction of the initial velocities 
of the jet elements, twisting of 
the jet occurs, 

Acoording to LAVRENT'YEV, this 
type of disruption of a cumulative 
jet ia more frequently encountered 
in practice and is the primary 


reason for the negative influence 


of spin on the armour~piercing pro~ 
perties of aumlative charges, Asa 
result of this he proceeda to the following considerations, 
Aaymmetry of the exploaive impulse, to some degree or other, almost 

always coours in actial charges as a consequence of the deviation of the 
eaxia of the recess from the axia of the lining, inoorreot positioning of the 
@etonator, and a mmber of other reasons, However, under conditions of station- 
ary explogion, the initial twisting of the jet will be reduced ag o consequence 
of two stabilising factors ; the effect of the air medium ana the stresses in 
the Jet, which orijinate because of ite extension, ag a remilt of which the 
Jet will be straightened out, 


(3g 


Confining ourselves to an analysis of.the second factor, the jet can 
be considered, to a fi. approximation, as a jet which is under a tension 
po a8 a result of plastic flow. The frequency of oscillation of a string, 


and consequently also the jet, is determined by the well-lmovm forma 


et Fe (77.2) 
where J/-is the length, p is the tension and 6 is the density, 

If we assumo tnat p = 4° 10° kg/cm" and ! = § an(the element of the 
jet with the mat clearly defined antinode), then we obtsin; in accordance 
with formila (77.1), that the time required for the antinode to die out is 

4<5- 107% seo 
i.e. with a velocity of the rear portion of the jet wade 10° nsec, the 
antinode will be wiped out when the element of jet being considered traverses 
apath s= 2 ca, 

Tus, On the free-flight path of tha reer portion of the jet to the 
armour plate, the stabilising factor under consideration may considerably 
reduce the amplitude of the jet, LAVRENT'YEV notes that for the asynmotrics 
existing in actual charges and for angular velocities of the lining of 
5000 = 15,000 np»my, the centriflugal foresees are found to be greater thun 
the ‘stabilising forces from the tension of the jet 

As a result of the uotion of a spinning jet, its antinode will increases 
the rear portion of the jet will not strike the hole pierced by its leading 
portion; the energy of the rear portion will be expended on plereing a second 
hole. 

In conelusion,we note that the factor we have considered cannot be recog= 


mised as the sole casue of the negative influence of spin on the cumulative 


effect, Side by side with twisting of the jet ; end a no less important form 
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of disruption(as indicated by numerous photographs) is disintegration of the 
jet into discrete particles. 

A simple colewlation shows thet under the action cf the centrifugal 
forces , and during the process of motion of the spinning Jet, quite con= 
siderable dispersion of it may occur radially, 

In fact, the moadmim centrifugal forces originating in the jet, can be 
determined by the formla | 


Rey? 
P= Pofow = oF pue( +2) ' (77. 2) 


where r, is the initial diameter of the cumulative jet, po is the initial 
density of the jet 

The centrifugal forces, originating in a jet as a result of firing a 
76=mm cumtlative missile from a l5-calibre gun, caloulated by the forma 
given are approximately equal to 1800 kg/am* 

Under the action of the centrifugal forces, divergence of the jet should 
occur, which 1s a function of tine, The acceleration acquired by particles of 


the jet is determined by the expression 


air = wy, 
af? , (77% 8) 


where + is the radius of the jet, ‘ ia the time and is the angular 
velocity of the jet 
On integrating this differentiel equation we obtain 


r 1 


re = ae berm). (1764) 
Knowing the value of o = 500 mpm’; the ratio “ can easily be calcue 
0 
lated for any instant of ting 


The total ‘<dme of motion of the elements of the jet in air (over a path 


a ; 
of AO mm) and of penetration into armour plate to 50 mm, amounts approximately 


éY/ 


to [= 3. 107° sec for the case we are considering. 

The results of the calculation show that at this instant, the diameter 
of the jet is increased by 257, and its lethality area by 567% The average 
density of the jet is correspondingly reduced by 50% This result is foundt 
to be in accordance with the reduction in penetrability (by 52%), witich was 


laid down in our expeviments on spin, 
7s. Super High-speed Cumlation 


It is of great interest in experimental physics to obtain gaseous and 
metallic jets which are moving with velocities of around several tens of kilo 
metres per second, In addition to the use of powerful electrical charges, 
leading to similar velocities of motion in plasmas, it was show by the work 
of I.V. KURCHATOV et al, that cumulation methods can be used for obtaining 
such high velocities, _ 

By analyzing the basic relationship of the theory of cumuation 


Wo 
O=—T 


ay (78.1) 
. it ts easy to satisfy oneself that the velocity of a cumulative jet increases 
with deorease of the angle «. Hence it follows that if the velocity of “slen" 
wo of the elements of the lining is sufficiently large( which oan be achieved 
by the correct choice of explosive, lining metal and other parameters of a 
cumulative cherge), then for sufficiently small values of « on extremely high 
velocity oan be achieved, in prinsiple, for a cumulative jet Suah velocities 
can be attained, in particular, under conditions of achievement of cylindrical 
cumilation. 

It has bean shown in a series of works by American scLentists that by 


using cylindrical tubes made of light metals as linings, the lateral surface 
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of vihich is enclosed in a quite thick lay .2f explosive, a velocity of around 
several tens of kilometres per second c-~ .. ensured in the leading portion of 
Figure 194 A Shaped (Cumiative) charge. the cumlative jet The maximum 

1 - Detonator; 2 = Heavy veloolty of the cumilative jet, - 

lens, 5 = Explooive charges equal to 90 kn/seo, was attained 

4 ~ Cumlative lining, by using tubes of beryliium, -the 
specific gravity of which ls 15. 
A shaped(oumilative) charge is 
shown Giagrammatioally in Fig. 194, 

As a consequence of the non- 

similtaneous arrival of the deto-= 
nation wave at the different ele= 
ments of the lining, its implosion 
shock, in spite of the cylindrical 
shape of the lining, will stil3 
ocear ell over at a certein angle, 


which will increase according to | 
the extent of advancement of the detonation wave along the tube, By regulating 
the time of arrival of the detonation wave at the various elements of the tube 
in some way or other, the angle 4 can be altered within certain limits, and 
thereby a given veloolty distribution in the cumilative jet cen be assured; 
for the maximm possible velocity of its leading portion, 

- The parameters of-a cumilative Jets in the case of cylindrical shaping, 

can be easily calculated, First of ali we estimata the sm rt4 thennyah whieh ths 


CLOMCNTS Gi Mie Lining conversa towards the axla. We shall give the solution 


for the plane wave case, obtained by BAUM and STANYUKOVIOH, 
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Wo sholl employ for the calculation the scheme for which the detonation wave, 
curved by the "lens", begins to excite the uctive portion of the charge at a 
distance yo from the metallic lining (M§g.195). Tho front of the detonation 


wave, commencing at the point yo , reaches tho point + ina time 


by _ Varn, (78,2) 

The motion of a given element of the lining commences exactly at this instant 
of time, We shall assume that every element of the lining is moving along the 
y ~ axis, so that the law of motion of an element of lining is determinod by 


the expression 


(78, 3) 
where M-sth is the mss of a given element of lining, s is its area; . 
h is the thickness and is the density of the lining material. Hence, 


diy 
a= 


t 


s|> 


(78.4) 
Integrating equation (78,4) with respect to time,we find that the velocity of 
motion of the given element of lining is 


d 1 iG 
tom Gr TK J pat=ZO, (78, 5) 


where /=//{) 4s the impulse (momentum) transmitted to a given element of 


lining and caloulated per unit area of the element, 


647 


Firure 195, Derivation of the relationships for a cumulative oharge 


with a cylindricol lining, 


The pressure acting on the given element of lining oon be determined 
approximately by the relationship 


p= peta) (78. 6) 
vere the quantities p, and f, depend on the coordinate t of the given 
lining element It may be assumed for this that the impulse imparted by a 
given element of explosive to a given element of lining is constant and is 
independent of, %.. .° The momentum,which the detonntion prodiots develope in 
a given direation (without conneoting masses), having a mass m , is determined, 
ag we mow, by the expression 
I= ay mD. (78,7) 

As a result of this, helf tho massa of the explosion products moves to one aide, 
and half to the other side. The total momentum is equal to zero, since the 
férces acting as a remit of the explosion are internal forces, On reflection 
from an absolutely solid wall 

Teas =lh= mn. fo. ay 
Te the coplonire de encloz-? in a metal case, and the mass of the wall of the 


Case corresponding to the mass of a given element of explosive is Mz, 


bys 


and the masa of an element of lining is M, , then we can calculate: the 
corresponding momentum developed eas a result of detonation and of the 
connecting masses of lining and wall which are projected’ ) 
The respective relationships ave presented in para. 65,! 
In the particular oasa when M,=0, the formila is consi derebly 


‘pimplified : 
(m+ 2M) 


Tom] ————— 
1 °° Cat My) (m+ 4M) (78,9) 


Tf Me MM, then 
; Jam i(1 +) (72,10) 
The latter oase is simile for calculation 3 we shall also use it. 
In the general -case,' we shell suppose that 
femnly (74.42) 
In pertiowler;'» is determied fron equations (78,9) or (78.10). Since 
M == shd,.'y then m=: sHpe . end soap, lp where fo is the density of the 


explosives’ 
leh) +e) ag =e 
' A+, . 
(78.12) 
From relationship (786) we find 
Ie [ pdt = 2 (t—t). 
bo { : (78,115) 


The value of | po for normal reflection is determined. by the relationship 


. a (78.14) 
where 1p, a Whensea 
165,51 

Po =f. °(78,18) 
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‘As a’remult of aliiling of the detanaiion wave 
. Po== Py (78,16) 


It car be assumed in the general oase that 


a 
p= prt (ar— 1) prcoste, (78,27) 


where / ia the angle between the front of the detonation wave and the lining, 
Expression (76,17) oan be conveniently written in the form 


po=p, (1 + $7 con]. (7,28) 
; ee Ve . 
Tme; sincs — cos" MT: "+ pnd fy =m Vath, We have 
Cayh + 27d 


Using relationabips (78.7); (78,11) and (78,19) we obtein 


AsioHDy spo Aya + 2p 


lok ar a 7) So a VA RM), (70.20) 
whense it follows that 
ss on at 
. Dt, =Vi + yo— 32nH7 “eine (70.22) 


Thur; in the approximate Jaw for the fall of pressure with time at the 
‘ounflary of the exploaion produots and the lining, we imow all the constants 
‘(Po ty 4), In parthouler; if f= 0, yoml! Mee0, Mio, then 
“ge %, end Ot;=20 , which follows from the theory of reflection of a detonation 
wave,’ Since | 


pap ta to ys 


where © = p(x), hemtixy 5 { 


for a given‘ yo ), then; on using equation 


Vem = *% .. 
Vi0e0). Wa Tina 
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(at 1° 10 
Wo = = #); =F ( (to— ty)” lamar i) ay ] (78:22) 
Integrating equation (7622) with respeot to time, we fina the law of motion 


of the given element of lining : 


92 Bi (ty— W(t — 24 + GE), (78,25) 


“t=4, J 


Since 


Cy} + 2725 BH, att yt 
cane C2 er 7 i 


equation (78,25) assumes the forn 


16 at Ete 

a Tat (78,24) 
or Dt ' 
t—to 

mf Hite Dit te (78.25) 


Knowing y= y(t, x9) '. y 1¢ ds easy to determines the ongle ¢: 4) at nhioh 
a given element of lining reaches the plane of aymmetzy, 
It 1s obvious that 


dy 
wae (St) (78, 26) 
Te velocity which the given element of lining will have as a result of this 4s; 
dy 
O,=— e. 
: 0 CH), . (78.27) 
- me /} 
Since the velooity of the jet is ™! “=f and for smell angles (and it 4 


precisely these small angles ia which we are interested for obtedning high 


velocities) tm = + ten @- ’» then 


2 (47), as 2 0 (yi *o) 


%, ae =? Cory ty) = —2(F),. 
‘ 


Tn (78,28) 


Going expression (78. 25);. we find that 
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t= ty + Ay ck V2Ay (ht) + Ay, (78,'29) 


where Ange 7 RD 


and having written equation (7828) in the form 


° 2 
‘ y=! 
(a), (76.'50) 
we find that ° 
= — ae (78.81) 
dty ~ xo 
day ay tliat 
4H yD t— dt dt, 
sia = [(t—t) fa —2(¢—4) FE]. 
mame a Me Ga |) ae ) a] (7a.32) 
where 
ty 
axq DY are 
64+ S7ntHys eirmar | 
= 8 | pep waa 
(78,38) 


Tt is obvious; that for t=0 and a=0, the ddepersing mass as @ result 
of this however is equal to zero In this case; both the oppositely=located 
perts of the lining are in contest, ana the process of jet formation,' in 
general, is not commenced! With increase of time, the engle «a and the dis- 
persing mass inoreases, but the velocity of the jet falls,’ As a result of 
this, for eppreciable masses passing into the Jet, enormous velocities 
of around 100 km/sec oan he attoined, 


We find the liciting expressions for small angles, which correspond to 


small, values of, 0 ', are 
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p=, t= Rap “dx, ~* Dye’ ne F4yo 
Wo 4 po r) 1\ I y] : (78. 54) 
Sg te Ht (Ge) — arma) | 
. 1% \3 
4 poHD (3) 
J th (:- — Jn 4) , . (78.55) 
2 
2Dy. \ 
Me, Tw (78.188) 
1+ — 
V Aty? + Ay -7- 
H (— 
len amy ptt at x 


x{(‘-B)(! —§ ut) I-44 tb]: (78,87) 


It is obvious that the maximum velocities of mtion of the jet which 
4s formed will ocour for small values of x, The maximim velooity will be 
for x =0.. The energy of a given element of the jet is almost equel to the 
energy of motion of a given element of lining; this energy increases with 
time, and for {-+co atteins its maxim volue, For [->00 , 


H 
Se ate, Spon Be, wma — Hite (1 4 HH), (78,88) 
The energy of a ‘given element of the jet is 


E, = moh. (78, 89) 
vhere. @)-4s the veloolty of the given element of the jet,’ 


Since the mass of eny given jet element is 


6S°o 


my = gin? 5 ms santa, (78.:40) 


where : mm, is the mass of the given element of Lining; we have 


—' 8mgD* Hs} 
E,= a7 “ar (! +3 ay. (78, 42) 


This energy is independent of the quantity ,% . 


The momentum of a given element of the Jet 4p 


5 >= _* &m,DH'sh a7 
Ty we Fy, = pp egy peat ane (1 +e oe (78. 42) 


The momentum increases according to the extent of Anorease of Xp, 

Sinse almost the maximim velocity of motion of the lining, wm, is 
atteined for relatively small intervals of time, elapsed from the oommence= 
ment of motion, there is no necessity to withdraw the lining from the plane; 
or in an aotual case, from the axis of aymmoetry to a greater distance,’ It is 
sufficient to take Jor fits distance a value around (2 = 8) yo .« 

The difference between the axi-symmetrical case and the chosen plane 
will be insignificant . 

A similar elementary theory oan be developed for linings with on arbie 
trary ourvo-linear shape. The gencral expressions retain their form for this, 
It shoud also be taken into account that as a result of integrating 
expression (78. 5), tor . 

fos ta (Xo), ye 7 (Xe) (78, 45) 
1'te ¥ wlll be a given funation of Xx%- 

Evidently it is profitable to choose a casing, nevertheless; with a 
Yreotilinear shape, but somewhat sloping towards the axla of symmetry on the 
side opposite from the compraasion (Fig. 196). 


Lei us now pasa on to the determination of te pressure and temperature 


resulting from the impact of a aumilative jet with a solid obstacle, 

As a result of the collision of tivo autwlative jets, having velocities 
of around 100 kn/seo, extremely high pressures and very considerable tempera- 
tures should originate; which considerably exceed those resulting from the 


collision of normal cumulative jeta 


In order to explain which Figure 196, <A Shaped charge ; 
equation of atete mist be used in 1 = detonator, 2 = heavy 
the given case for describing the lens, 5 - explosive charge, 
collision process, we first of all 4 = cumulative lining, 


make a rough estimate of tho 
pressures. originating as a result 
of this. | 

The problem concerning the 
collision of two cumulative jets is 
equivalent to the problem of dmpact 
with an absolutely rigid obstacle. 
4s 2 remilt of impact with the ob- 


stacle, a ahock wave originates in: 


the cumllative jet, which proceeds __ 
fron the wall, the initial pressure 
An which, as we know, is determined by the relationship 
__ Potto —, PoMo , 
Pe =a (78.44) 
where uu and pf are the velocity ana aensity of the cumlative det, p, andr. 
are. the pressure and density-at the shook front whieh has been formed, 


TM! 48 cbrious that the prassure 2, WAL boos minim Pur ne 1, ee 


value of @ is determined by the equation of state of the given material. 


SR 


If, within the renge of high pressures which are of interest to us, we 
assume the equation of state for the material of the jut to be of the form 


p=Ap", , then the limiting density ps. will be determined by the relationship 


As a result of this, 
Sun FET Ps = Pel ul (78.45) 
Equation (78.45) gives the maxim pressure p. , which originates as a result 
of the impact. At very high pressures (around 108 ke/om”), any medium is trans- 
formed into an eleotron gas, and for this the equation of state p= Ap" - 
actually holds good, so that na? (as for a monatomic gas) and relationship 
(78.45) assumes the form 7 
Pu: = toll (7.46) 
For up = 100 la/sec, » 21.5 g/om” (beryllium), we obtain fram relationship 
(78.46) that Pe 51.5 ¢ 10° kg/em’, which confirms the validity of the esti- 
mate of the pressure whioh we have mace, and whioh gives the besia for cansi- 
dering the material of the jet as a degenerate eleotron gas., 
It is wellelmown from statisticel physics that the equation of state for 
this gas is 
P= (F) rn (7)" (78.47) 

where g is the statistioal weight of the particles, N is the number of particles 
in one mole, m, is the mass of an eleotron, fh is Plenak's constant, equal to 
6.558 ° 10°27 ergesec, V is the molar volume or the substance at the pressure p. 
For the case being considered, g=2,, N= ZNy » where N, is Avogadro's number 
and:Z the number of electrons in an atom of the given metal (for beryllitm Z=4), 

Veer wicue ‘u 43 the atc.’ n¥ayeee 2 Le atl oud pote Fo Geta ty ore 


the pressure -9 (for beryllium 4 = 9g/mole). Thus, for beryllium, 
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pa (ant)¥ (208) P. : 78.48) 
We shalI now calculate the terperature originating during the process of ine 
pact of a cumulative jet with en obstacle. 
The firat, extremely rovgh estimate of the temperature can be carried 
out for the follow'ng considerations. The internal energy of the medium at the 


shook front is 


E=Fu— Wagers (78,49) 

For a degenerate eleotron gas, since 1 =2 » We have - 

. 3 
We now transoribe equation (78.50) in the fe: .1 

Emelons pe. (78.52) 
It 48 welleimown that at high temperatures, the atomic speciflo heat of solids 

cal 
tends to 6 Gromatomede; Gnedeg ° If, in the given case, we assume that 
oal : 
6. Ce aed 
eo. 2 6 Grematan.dsg for the material of the jet, then 


To 1,.35-10'!. 2.34. 1078 


mule] + 108°K. (76.52) 


We must admit, however, that this temperature 1a clearly excessive, sinos the 
specific heat of substances exiating in an electron gas state is an inoreasing 
fimetion of tempsrature. 

In acoordange with this, and with the object of obtaining a more preolse 
estimate of the temperature which is of interest to us, we shall proceed fran 


the formila for the specific heat of a degenerate eleotron gas 


3 (78.53) 
t= BNT(5)"s 
where . : 
= (OANT m,b?And 
P=\G) ta 
and is Soitzmannia amstent, equal te 1,28 + 4506 cal /deg. 


Jor the case we are considering here, relationship (78:58) assumes the 

form ont 1, 
_ [28 \8 mgk?: 409 BV 
c= (BE)! ANT (air) 

Substituting in this expression the mmericel values of the corresponding 


qugntities, we obtain 
,= 2,877 42: 
_  dege 
We now transform equation (78.51), and we obtain 


0,7 = 2,87 Tt = 5 + 1.35 + 108 Saee 2 «1,35. 104, 


whenae 
T 20 3,25 - 10° °K, 


We have determined this temperature on the assumption that the material of the 
jet behaves, under impact conditions, as a degenerate eleotron gaa. 

We shall now verify the validity of this assumption, 

As we lmow, the criterion for strong degeneration is I< 1, where 


5 a 
2? am, ever 
I=. (78.54) 
“wn 
Substituting the numerical values for the respective quantities in 


equation (78.54), we obtain 
me 4.73 107 °7, (78.55) 

whence it 4s obvious that at temperatures of around 10° - 10° %, <1, 
i.e. the material of the jet at the instant of impact can, in fact, be oon 
aldered as a degenerate electron gas. 

Thus, the second variant, which leads. to a shoak temperature of around 
500,000°K for uj=s 100 kn/geo, is. evidently quite accurate. 

It follows from this that at shock velocities of armaimd severn) tans +f 


tm /gen , & cumiative jet will nosaess not only an auiwiiepieroing action, but 
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ulso a powerful armour-burning capability. 
At impact velocities of the jet of around 100 lai/sec, the appearance of 


not only normal rediation may be expected, but also harder radiation. 
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T-1488m 
CHAPTER XIII 


EXPLOSION IN ATR’ 
2 704i Fundamental physioal effeots originating as a result 
of an explosion. 

In the overwhelming majority of cases explosions are oreated with the 
objective of a speoifie effeot on the medium surrounding the source of the exy 

OpPiosion 

Let us analyse in more detail the effeot of an explosion in air 

Explosive aharges may have various shapes. It is diffioult to desoribe 
the effect of charges with a complex shape, however, with the exception of the 
region in the immediate vicinity of the oharge it is always possible, for prac- 
tloal application, to reduce the effect of the explosion of a similar charge 
with sufficient anauracy to the effeot of a spherical, cylindrical or plane 

_ (one=dimensionsal) charges 

The effeot of the explosion in the immediate vicinity of the oharge mist 
alweys be considered separately, 

It is knom from experiment that the explosion of a charge, not differ- 
ing greatly in one dimension with respeot to all the dimensions, at distances 
around the average dimension of the change. is equivalent to the effeot of the 
explosion of a spherical chargo of the seme weights In th case when the 
Measurements of the charva in one dimension considerably exceed .ts yige in the 
other two dimensions, tho effeot of the explosion ata distance around the mean 
value of the smaller dimensions is equivalent to the explosion of a oylinéri« 
onl chaxge of the sume weight, but at a distance of several of the larger 
charge sizes it is equivalent to the explosion of a spherioel charge of the 
Beme weight. 
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As a result of this, in the regions distant from the charge end 
around tho smaller dimension the effect of the explosion is equivalent to 
the explosion of a charge of somewhat lesa mass than the mass of the ‘charge 
originating in a tube (plane explosion). 

Let us investigate the fundamental physioal effects originating from 
an explosion. If the explosion were to ocour in a vacuum (for example; at 
the surface of the moon), then the products of the explosion, having a fin- 
ite pressure (as a consequence of the fact that ‘heat has. been “liberated 
in a finite volume) begin to expand unimpeded, being subjeot to the law of 
non-steady motion, As a result of this,at any givon instant of time the dis- 
tribution of pressure; density ond velooity of the expanding explosion pro- 
ducts at different distances from the origin of the explosion will be dif= 
ferent, The pressure and density will be minima in the outer regions and 
maxima in the inner regions of the explosion products , but the velooity of 
the gas, on the contrary, will be a macimim in the outer regions and a mini« 
mam in the inner regions, In the oase of a spherical charge, the velooity at 
the centre of the explosion will obviously be equal to zero; in the case of 
the explosion of an arbitrary charge a number of points of zero valooity 
are similarly always found in the inner regions, 

Expansion of the explosion products in an infinite "empty" space will 
proceed unrestriatedly, | 

Fox an analytioal desoription of the expanding explosion produots ,we 
shall introduce the concept of "explosion field". By the explosion field we 
shall imply the region of space, at each point of which all the parameters 


Ah avin ah cet ote 
wee ote Ch UU bh DU 


Wis Sxplusion products (pressure, density, temperature, velo~ 
uity eto) oan be uniquely defined. The explosion field will be trarisient, 


sinoe at ell points all parameters will be ohanging with respeot to time: 
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It 1s essertial to note here also that the maximum velocity of dis» 
persion of the explosion products will correspond to the velocity of propa~ 
gation of the boundary of the explosion products, whereupon for dispersion 
of the explosion predicts in vacuo the density and pressure at the boundary 
of the explosion products wlll be equal to zero. 

This maximum velooity, Ug .of outflow of gases depends on the shape 
of the exploding charge, on the inherent course of the explosion yroosss 
itaelf, and also on the energy of explosive transformation Q, Between iin, 
and the energy of explosion in the oase of a spherioal charge, when the 
explosion products are a gas, there exists a simple relationship ; 


tae =QR—~Y PE , (7941) 


where {4 is the mean adiabatio index of the expansion process. 
For typical explosives : 


Q ix | wale; & => > Bmse 7 11000 ‘m/aeei: 


By the hypothesis of instantaneous detonation 


. — 79,2 
‘nes =2 V <5 Q, ¢ ) 
which, for typical explosives gives 


Bees = 9000 m/sec, 

In the oase of an explosion from condensed explosives, when the exe 
plosion produocta axe not en ideal gas in tie Intttel state, those simple 
formilae are changed into somewhat more complex ones, But the values of 
the maximm velocities of outflow remain practically invariable (of. Chap, IX) j 
this, for a real detonation u,,,.= 12000 ‘m/ses ; for an instantaneous 
detonation Yaar. = 10000 infaca. - 

For the detonation of “the: most powerful explosives (for example, 
hexogen),the masclmim velocities of outflow amount to 18000 m/ec.: 
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In the case of an explosion in any other medium, the process of dis- 
persion of the explosion products will take placa somewhat differently than 
for dispersion in vacuo, ‘ 

Two regimes of dispersion, different in principle, may arise. As a rea 
sult of dispersion the explosion produots at the boundary of tha ‘charge 
begin to interact with the medium surrounding the charge. In the oase of a 
very dense medium the line of demarcation between charge and medium begins 
%© move slowly from the centre of the cherge, If the explosion process 
occurred by detonation, then the detonation products, moving behind the front 
of the detonation wave will move more rapidly than the line of demaroation, 
and, on striking it, will be compressed, The pressure of the detonation pro- 
duots at the demaroation line will inorease in the first instants of time 
after conclusion of the detonation ; only after the lapse of some time does 
the pressure of the detonation produots commence to fall, If the medium is 
not very densé, then the line of demarcation between the detonation products 
and the medium will move more rapidly than the detonation produota, and at 
the very beginning of the expansion process the pressure in the explosion 
products will fall, ° 

In the first case considered with respoot to the detonation products, 
a shock wave comes from within the line of demarcation, being the consequence 
of the impact of the detonation produots with the medium; on roaching the 
centre the shook wave is "transformed" into a rarefaction wave, and then 
evorywhore within the explosion produots the pressure begins to fall. In the 
sedond oase with respeot 46 the explosion products a rarefaction wave issues; 
& ahock wave propagates through the medium, inmedintely sotting it in motion. 

Tims, the study o/ tne Qispersion of the explosion products in any 


medium is considerably complicated in comparison with the study of dispersion 
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in vacuo and, speaking of the explosion fieid in the first oase, it is neces- 
sary to determine the parameters not only of tho detonation produots but also 
of the medium set into motion, 

However, even without developing the theory of dispersion of the axplo- 
sion products \t is possible to evaluate distances at which the effect of the 
explosion products wili be practically no longer felt, and also to estimate 
the distances at whioh the shock wave will aot, propagated in the medium 
surrounding the source of the explosion, First and foremost it is obvious 
that as a result of an explosion in an infinite medium the explosion prodacts 
over a certain time after commencement of dispersion occupy a certain finite 
volunie v,, 5 corresponding to tho residual pressure of the explosion products, 
and equal to the pressure of the surrounding medium 'p, . 


If the average initial pressure of the explosion products 
_ sone 
jah ing (7.8) 


(in this case the isentropy index for the explosion produots /k=3 ) 
and the reaidual pressure 
Pp Pa for: Ve Voy 

then the finite voluwne is easy to determine from the following considerations: 
for typioal explosives, up to a pressure p,~ 2000 ke/cn?' the explosion 
produots, as is well-known, expend according to the law : 

po const == pj} = pi, (79, 4) 
where Oy is the volume corresponding to the »ressure p, « 
For p< Px we shall assume that expansion proceeds according to the law 

‘pu’ ==const = pet] = povl, (79, 5) 
where {= 12—1.4,; . 


By linking these two laws for p, ~ 2000 ‘ke/en? we shall derive accor- 


dingly the equation of state of the explosion products and the equation of 


bé// 


conservation of energy (see Chap. VII) . 


Thus, 


: 4 1 
to (4)! (2 79,6) 
1% Py Ps ‘ 


Here; v is the initial volume of the explosion products, Since for typical 


explosives po'=1\6 ¢/cn*; D 7000 =/seo , then 


whenos ; _. _- 
vA 8 
G2 = 50" « 20007 mz 3.7 » 220 = 800; 
for 5 y , ‘ 
q=— —2=— 507. 20007 = 1600, 
4 0 


Thus, tho explosion products of typioal explosives expand by approx- 
mately 800—1600 times, In the case of a spherical explosion, the limiting 
radius of the volume oooupied by tho explosion produste will be 10 timea 
greater than the initial radius of the charge, In the case of a cylindrical 
charge this ratio will be equal to approximately 50, Thus, it can be con- 
firmed that the effeot of the explosion preduots are confined to extremely 
émall distances. To this it a.culd be added, that as a consequence of the 
‘dnstability of the process of expansion of the explosion products they will 
attain a finite poundary by means ‘of a number of damping osolllations near 
‘this boundary; at first, the explosion produots, having expanded, ocoupy the 
maximim volume, in excess of the limiting (by 30-40% ) 50 that their 
‘average pressure will be less than ps;. then, the external pressure come- 
preases them to a pressure somewhat greater than, p. and so on, However, 
thers is sipuificance in onalysing ouy Lo Meek ayennetan and Pirat acre. 
pression processes, after whioh tho prooess praotioally dies away, 

We note now that in reality the dividing boundary between the explosion 
produsts and the madium , being initially clearly expressed, over a time 
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become everywhere more and more diffuse, sinae behind the shock wave front 
the pressure will be turbulent; a turbulent region is oreated in neighbour- 
ing dividing boundaries, viioh, on intensifying will erase the dividing 
boundary. “Diffusion” of the explosion produots in the medium, however, takas 
place quite slowly and only after completion of tho dispersion prooess foes 
total intermlsing of the explosion products take vlaoe with the medium, For 
the first stage of dispersion, we aro therefore justified in speaking of the 
initial dividing boundary, Knowing the finite volume, the energy (Eos) “oan, be 
determined which is "bound up" in the explosion produota : 


(79,7) 
Ea =: sot 


Sinoe the initial explosion enorgy (£, ) 1s determined by tho relationship 

| “Em pot Q = mQ. | (79.8) 
where m is the mass of explosive, then the energy transmitted to the medium 
(in the shook wave) will be 


‘ 


. — a (79,9) 
Era e)—~ Eom lQ— tes]. 


Ey 


whenoe 
_ Pa Yee 

= T) PQ vo * 
Taking for typionl explosives Qeml kcal/s, .; 2 m 800 Po ‘= | 6 s/on', 


. “is 
we find that for } ~t Se 097 3 for 1 =} , Bm 0.91 ° 


The overwhelming portion of the explosion enerazy is tranamitted to the 
medium surrounding the region of the explosion; of course, in consequence of 
the dnorease in entropy and o corresponding reduction of froe energy in the 
check waves a comuiderehly teas pertion of ths axvlosion enarmy is tronsiitted 
then results from oalowlation As we showed above, part of the explosion vro- 
uots will, prior to establishing a state of equilibriun, move towards the 


contre and will carry about Ya of the explosion enorgy. Conseguently, about 
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Arro=thirds of the explosion enermy is transmitted in the primes shock wave. 
Moreover, the surface layer of explosives in a uumber of coses "burns" with in- 
complete releose of energy and thorefore not all the energy €,is released, but 
only obout 0,9--0,8° &;, whicl further revuces the encrgy transmitted in the 
shock: wave. 

In the cese when the explosion products are represented by an ideal gas, 


the limitiny volume is calculated according ‘to the £crmula 


whereupon 
. Dp 
Pp=(t—wQ= ssa. 


Tne energy transmitted in the shock wave is. . 
) 


Lo, _iwow 
EjmmQ[l -cim oy). 


The ener-y transwission ocerficient for the shock weve will be 
fe ot [ss] 
EE (11) 9d * 
7 eg a 
In tho case when Qs l keal/ 6 :, fo 1.6 e/on® , Vet » we have 
ie = 0.94. 


In the caso when 7 =F =o 0,86, 


Thus, the caloulations carried out for a non-ideol and for en ideal gas 
are in practical egreement. . 

Let us pass on to the approximate evaluation of the range of observable 
effect of the shook wave for an explosion in air. As a result of the impact oF 
the detonation products on the air , the initial vressure at the shook frent 
ee a eno) “ kefon’, «OULU prensue vealls rapidiv with time. 

_£¢ 36 welleknowa thet the velocity of propamiiidon of a shook, svoutd (Dy). 


ant the velocity of outflow of gas behind the wave.front (us)i axe connected by 
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the relationship 


where ¢s is the velocity of sound in quiescent air, As a result of propa- 
cation of the snock wave » a regime is rapidly established, for which the 
velocity of outflow of the gas in the wave is almost linearly increased from 
the boundary of separation to the shock front. Assuming that for expansion of 
the explosion products the velocity of tne wave front is ut times greater 
than the velocity of tthe boundary of separation, we find the distance passed 
through by the shock front, which will be less than the actual, i.e. somewhat 
less than the actual dimensions of the nemion occupied by the shock wave, 


since the velocity of the shock front exceeds the velocity of the boundary of 


separation by o factor of more then th » This reduced distance, obviously, 
will also be a factor of pee Greater than the distence traversed by the 


. . 1 
boundary of separation, The length of the shock wave: will be Lt i= 
aa times Less than this distance. Consequently, for a spherical explo. 
‘sion, the volunev seoccupled by tho shock weve will be defined, for vv, ) 
by the relationship — 
> ms gays 
tae > [1—(1— EY] 0 


whence, by expanding in sexies and neglecting terms of the 2nd'and 3rd order 


we obtain 
IOs > F (1 = 1) Yeo = 0.6 Ven =r 5000 
. “ =7 
(r=5): 


The intrinsic energy of the sir enclosed in this volume » bY comparison 


\ 


ore! ‘ 3 . : _ . © aa. : : . ’ 
wath the explosion enerty trentnitted in <a shock wave; can be neslectea, 


cinece-the explosion energy ‘per unit volume ig equal to 127 ° .16 + 106 
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and the cnergy of the alr in the onti- +olume (for 4 =1 ) is equal to 
B00. > or + wm 600+ 10¢- 2.5. 
‘Maus; tho ratio of tho enorgy of the air to the explosion energy is 
equal to 
+ Lapprren 0.0076, ; 
The average air pressure in the shook wave (assuming al}. the enorgy %o 


be turbulent ) vill ba _— 


Py < (11) P0Q Gt = 50 ka/on®, 


Thus, for a syhericsal explosion at distances from the centre of the ex- 
arcisi:l ‘BO kg/m? » Beyond this the presaure begins to fell approximvely in- 
versely proportional to the square of the distance ( (p+r)), which, at a 
distance of 26 7% zives p,.ewl) ka/oa®, 

Further out the fall 4n pressure will be less intenaive, and the shock 
wave itself will no longer be strong. Therefore, 1f the destruction 1s detor 
mined by the pressure of the shook wave, then a distanoe of 225—BO 1. oan be 
regarded as the limit of strong effeat on the medium surrounding the souxae 
of the explosion, The impulse of the shock wave (spooifie impulse) varies 
approximately as [-T , sinoe the duration of effeot of the shock wave is pro- 
portional tO foe 

If the density and potential of the explosive be taken into account, 
then it oan bo said that the Gistanoe of finite effect of the shock wave, if 
the destruction is determined by the pressure; is proportional to Mig i 
Pox Singulaive demolition this distarce 4s. proportionnl +. MPVS , 

For a cylindsival exyr” ssion 
[>.> (71) Yan OAV = 3000 
ata distance of about ‘30—49 rp Py < 80 ike/on rs - 
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The law of fall of pressure up to. pow lO ke/em*- will be pwr, 

Tus, the pressurc of 710 ig/ca?’ Will be attained at a distance of 
around 150 fo. The distance of “nite action of the shock wave: with respect 
to pressure is proportional to V MQ" > ‘and with respect to impulse to ME Q., 


In the case of a one-dimensionel explosion 


iD; eri Veo = 0.2U ee AY 150%. 


At a distance of around 1000 7% the average pressure ps < 150 se/ea? , further 


out the fall in pressure, up to 2 pressure of atout :30 .ke/ca” » will take place 
according to the law p,~r-. Later, the pressure will fall more slowly 
(p~r a), - The distance of finite effect of the expio_ion with respect +o 
pressure is proportional to MQ, The impulse of the shock wave in the one- 
dimensional case » as we shall see below, even for 'r-+oo; remains finite. 

In praotice, because of energy losses, accumilating with time (mainly 
as & consequence of increase of entropy), the effect of the shock wave, 
especially in tho one-dimensional case, will be manifested at distances con- 
siderably less than those calculated. - 

Let us consider the vrincipal speociel features of the effect of an ex- 
plosion in an unconfined liquie(in water), Expansion. ‘of the explosioén.pro- 
ducts in water will take place more slowly than in air; in consequence of 
the greater resistence of water to compression. However, the overall dimen- 
sions of the cavity filled by the explosion products will not exceed the 
dimensions calculated for the explosion in air if the intrinsic pressure of 
the water is close to atmospheric, 

For an explosion at some depth) for example at a depth of 100 «,. wrere 
‘p= 10p,, the overall volume ocoupied by the explosion produots iz .vs== 160v.. 
Coviously, ‘tho initial pressure of the medium exerts a noticeable influence 


. magni of uv For a deep explosion the caseous cavity(pubb1 e) 
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‘will gradually float to the surface because of the marked difference of 
pressure acting on various parts of jt. However, rate of asoent of the 
bubble is considerably less than the velocity of the prosesses brought about 
by the explosion ; the explosion itself and its visible consequencea are 
already conpleted at the instant of emergence at the surface of the bubble, 
The field o* tho shock wave croated will differ sharply from the field of 
an air shock wavee The oause of this @ifference is obvious : in the first 
place the initial pressure at the sheck front, which in air Zor the most 
powerful explosives does not exceed’ |!500--2000 ke/on”, for typical exnlo- 
sives in water wlll be around 150,000 kg/om? ; secondly, in consequenoe of 
the small (relative to air) compression of the water, its temporature will 
only be dnoreased slightly ; as a result of this the inorease in entropy also 
will be small and, consequently, the energy carried in the shook wave will be 
“usefully” expended in movement of the wave (tn mechanioal work, and not in 
heat). 

Somewhat less energy will bo tranamitted in tho shock wave of deep exe 
Pplosions than for explosions in air, Thus, for exemilo, for an explosion at 
a depth of 100 m (p= 10p,.)) 94% of the explosion energy is trenomitted in 
the ahook wave (for. .=2 ), whereas for an explosion in eir (for mr 
97% of tho explosion energy is tranamitted in the shook wave. This differ 
‘ence is small, Consequently, the overall effoot of the shock wave in water 
Will be somewhat more powerful thin the effeot of the shock wave in air, 

In the initial stage of expansion{the detonation products the pressure in 


the shook wave will, in the oase of a spherioal and oylindrical explosion, 


eta 7 Sipeean ae 


a oT ura wenbLUeLY according to thn Taw pa-;-2 
“id in the second vase according to the law p~r-t. In the case of & OFe- 


dimensional explosion the drop in pressure initially will be very slow 
(up to rA20ry ). Later, the pressure will drop according to the lay: p~rn 


66F 


In attoining an average pressure in the explosion produots of around 
2000 keg/om" the dro in pressure is retarded, 

These data relate to the average pressures in an shook wave, The 
pressure at the shook front will fall, in the case of a spherical explosion, 
also according to the law p;~r , Por a cylindrical explosion according to 
the law 9;~r7? and for a one-dimensional explcsion acéording to the law 
pi~™r-'s The shapo of the shook wave in water will differ strongly from the 
shape of en air shock wave, in that the shock wave being considered will be, 
even in the first instanta of time after ita formation, characterized by a 
very sharp drop in pressure, density and velocity behind the shock front 
It oan be said that the maximum density of energy in the shock wave will be 
localized within a very narrow cone: 

The change of density at the front of a powerful shook wave in water 
may be considerable, as for example,at a pressure of around 100,000 kg/an* 
the density of water attains a value of L5 f/omt. 

The limiting distances at which a significant e?fect from an explosion 
is manifested are of approximately the same magmitude as those for an explo- 
sion in air, 

. the powerful destructive effect of an explosion is manifested in the 
“space occupied by the explosion products, The effect of a water shock wave 


in volumes larger than tho volume occupied by the detonation produats ‘is 


—~ 


qud’n Insignificant, despite the large magnitude of the initiel pressures, 
since the pressure drops extremely rapidly. 

The effect of an explosion in ‘unvestrioted earth affects volumes cam 
“AEE...” nwt the volume of expansion of the axmlosion products up to atmos= 


pherio pressure ; the effeot of the explosion near the free surface > as is 


Well-lmown, ia accompanied by the appearence of a arater, the radius of 
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which R~ (mg)? ; as a result of this, bursting of the ground ocours at 
a distance in excess of one = two orders of the dimension of the crater. 

The shock wave which is formed as a result of this in the earth, is 
not mich different, with respect to its properties, from tne shock wave propa- 
gated in water. 

The effect of en explosion in an unrestricted metallio(crystalline) 
medium is manifested in volumes considerably less than the overall volune of 
the detonation products, and the volume is defined by the magnitude of the 
pressure, yet still producing noticeable plastic deformations of the metal 
If we assume that this pressure for steel is roughly p>:10;000 kg/em@ swe 
arrive at a volume which only exceeds the initial volume of the explosive by 
a factor of two or “ess, For an explosion near the free surface of the metal 
or within a thin metallic casing, part of the metal will becrushed and the 


effect of the explosion will be accompanied by a fragmentation effect, 


Be... One-dimensional dispersion of Detonation Products. 

The study of the dispersion of the detonation products in the simple 
one-dimensional case presents ‘considerable interest and assists in the expla~ 
nation of the fundamental laws of dispersion of the detonation products 
resulting from explosion of o spherical charge, and which will be discussed 
below. 

The detonation wave, as we already lmow, may be determined from the 
speciel solution of the basic equations of gas dynamics. Since one can 
always assume that the detonation of any cylindrical charge is initiated in 
an arbitrary cross section O=* at an instant of tine t=0, , then for the 
Wave, prepagated ‘to_the right, the equation 

| RSW ELF u) 
will hold good, whereupon in the given case _ 
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2¢ 
F(u)=0 and w— z= > =const. 


For waves propagating to the left . the equations 


x=(4—c)-4t, 
be 


= const. 


will hold good, 
Sinoe at the front of the detonation wave 


D kD 
RET? CET. 
_ =a 
then for the "right-hand" wave 
. 2¢ DU 
Lt 


and for the "left-hand" wave 


20 D 
OP RIT FST" 


For future caloulations it is advantageous to introduce the dimensionless 


quantities 


vwhera { is the length of the oharge. 


J 


Finally, we shall write the equation for the rlghtehahd detonation wave in 


the form 


fewta woo! (80,1) 


1, € 1 1 
toe SEK wy OSES Gey mes. wd, 


For the left-hand detonation wave we have 


i =w—a, woot (80. 2) 


we —Z2t>—h wi0pis—g aaty a wa. 
Let us investigate what happens to the wave propagated to ‘the right 


tae instant when this wave reaches the boundary of tho charge and the 
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at 


detonation products commence to disperse. We shall study the Gispersion of 


the detonation produots in a Vacuum 


Dispersion of the Detonation Products in a Vacuur, The charaoteristio 


speolal feature of this dispersion is that tha velocity of motion of the 

particles at the front of the dispersing detonation produota gradually atteius 
ak —1 , 2 . 

its maximum value a= 0 = (3k — DV eS defined, as we know, 


by the speoial solution . 


The density, or the locel velooity of sound proportional to it, on the 
contrary, rechices in stages to zero, The distribution of ‘velooity and density 
in the detonation produots can be found only in the oase when we apply the 
general, solutions of the gas-dynamic equations, This becomes olear from the 
following. When the Aetonation wave reaches the boundary of the charge, ‘two 
waves originate : one of these may be interpreted as a rarefaction wave 
issuing from within the boundary of the aharce, and the other wave is prooa~ 
gated into spacc. Thus, a Riemann solution is no longer applicable here, 
sinse 1t holds good only for a wave travelling in one direction with cone 
stant parameters at the ‘ront, and the rarefaction wave travels'from within the 
‘charge, tho parameters of which are varying at the front(gradually decreasing), 
The general solution mist satisfy boundary conditions, in particular the 
condition of coupling the new solution with the old special solution 

If the dispersion of the detonation produots takes place dn a Vaouum, 
then for a complete description of this process the same two fasedynania 
‘“Waetzons will suffice, which we have used up till now. If the dispersion 
takes place in a medium of specified density, then ahead of the front of tha 


detonation products # shock wave with variable amplitude ig oreated: 


2 85 a 
OTL 


conseguence of which the entropy at its front will be continuously changing, 
and a complete solution of the probiem can only be ootained from the three 
gas-dynamic equations. 

“lo shall limit ourselves for the present to dispersion of tne deton- 
ation products in a vacuum The new solution, about which we have just 
spoken, will hold good up to the time when the front of the rarefaction wave does 
not reach the point of first order discontinuity or the special solution for 
the detonation wave. As a result of this, another solution arises, It is not 
ajffieult to see that it will again be a special solutic.., since behind the 
point of first order discontinuity *he density, or the local velocity of 
sound, remain constant, but the velooity of motion of the particles is simi- 
larly equal to zero, 

Consequently, the wave travelling from within the charge will possess 
constant parameters at its front, le. properties by which the Riemann wave is 
precisely characterised, This special solution gives the relationship betseen 
the velocity and the local velooity of sound no:: longer as a function of = 
but by a more complex function of x and? . 

A similar analysis can also bc corried ous for the left-hand end of the 
charge. As a result, we orrive at the fact thet the two individual rarefaction 
‘Waves, ono of which «revels from the right-hand end the left, and the -- 
other from the left-hand end to the right, imoact 

Then at the instant of impact a fifth solution will arise, which will not 
be singular and which can be found only from the general integral of the 
fas~dynemic ‘equations, This general integral can be found arising from the 
two boundary ‘conditions of its conjugate with the right and left-hand 
individual waves, As a result, we shell have five solutions conjugate between 


themselves at four points. As wo shall further see, it is easy to satisfy 
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ourselves of tho fact that the waves defined by the extreme and mean 
cenerel solutions will be propagated in the course of time at intervals 
increasing proportionally with time, but the mean individual solutions in 
the case of k=3 will contime at intervals, maintaining constant and 
finite values. On account of this, for i=» co the masses found withing 
these intervals will tend towards zero, and we can exclude them from fur- 
ther considerations. 

In the general case when k<3, the mass of ges found within the 
intervals, defined by the mean individual solutions, also tends towards 
zero for t~» oo. 

Tus, the conplete solution consists of seven separate solutions, 
Wo shall find all the solutions mentioned above in the case of &=3, which 
corresvonds on the average with tie expanding detonation products of typi- 
cal explosives. 

Now, let the detonation of a charge be initiated in a certain plane 
passing through the origin of coordinates. We shall denote the length of 
the right-hand portion of the charge of explosive by {4 and the left-hand 
portion by 4, . Then the detonation wave travelling to the right canbe _ 
described by the following equations : 


w= 0, a=y Hos, 0<igy. J (80. 3) 


At the instant of time 1 =, =-4 the detonation wave reaches the Ti.gnt- 
hand end of tho charge, after which dispersion of the detonation products 
conmences, It can be proved from the general solutions that the dispersion 
orecess will be charooterized by these equations : 


wf, | 
mira 7! (80 4a) 
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(80.43) 
Zouation (80.4a) is obvious; equation (80.4b)we find results trom the 


geicrol solution of the gas- dynanis ccuation: 


(x= (u—c)t+Fy(u—c}, | 


Tow tsshy aoe) S r=), 
Fy (u—c) =), {1 —(W,—a,)}, 
“nence, for W— a, 


we Ovtain ation (80,45). 


The rarefaction wave, crestcca sy tue dispersion, mroceading from risnt 
leit, 


icone to 


ot the instait of time meek 


a 


in the crcas-section —=—A, 
tne point of weak discontinuity;, which is establisned from 


> 


encounters 
ution oz 


“ie aimlteneous sol-" 
ecuction (80.4b) and equation (90.5), which, for the point of weak dis- 
. 7 —— e | 
continuity (for w=0 ) tones the form t=7 . 


As a result of this a new solution is created. This solution wiil Lave the 
form 


Wta=y. 


(80.5) 
Tne solution for w;—a, is retained. : 


Wy — a, == St 


(60.6) 
A similor picture will be bre 


est 


sonted for the left-nand end of the cherze. 
In order to describe the corresponding ecuations it is only necessary to sub 

stitute by Met , wa dy , wea. by —(wfa) and pby 8. 
We obtain | 


oa ek - _ 
w+-a=—- a 
i 1 
* OT e=—F 


At the insta::t o> tine a= (A; —Ag), the risht ~ and lertehand rarefaction 
waves meet, which is established from sirmltaneous solution of ecuations (85.5) 


and (80.6),end the anolagous equations set dovm for the leit~hand end. As a 


result of this a new solution Will again be created |: 


E+). f—* 
w = ~_ 
>+a= = @, a= 7 (80.7) 
“le wow write dovm all the solutions for the right and left ends of the charge 
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Let us consider how the enersy, momentum ond masses or the detonation pro- 
ducts will he distributed, dispersing in onnosite é4rootions, ‘at a sufficiently 
larze inte:val of time 1 (t> oo) . Bor this we con, aS already meztioz ad sbove, 
exclude. from our considcratioa the messes of vas determined by the individual 
solutions, 

To this end we shall consider tae rolationship 


a 


‘ r 
6 ry Ld “ 
I= GlD'y f aot d+ ff asws dey (80.8) 
? 0 
7 


Por @=0, /f>=M, is tie mass of the exniosion vroducts dizpersing to the right, 
vor a= A ow is the momentum ot this sess, ond for a=2,/,—£, is the 
energy of this irass. 


Evaluating the interels. for the right and lett ends of the charge, vo 


M, =H (45h), E= MO (16+ 1M), 


M MD? (80.9) 
Mr= 5 (Si +4), a= perpy (11d 4-164), 
haha? 


245% 


Hivial muss of exvlosive M =pot \eue Cross-sectionsl area. of the 


cherge S= 1). 
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dhe eqolit: of the inoulses(momenta) is obvious, since only intern 
forces act in the detonation yrocess. “ne ratios of masses end energy are deter- 


mined by the vormulee 


Mi _ 4h-+5l, Ey 164 +1lly \ 
iy Bhbin’? Ei +h’ - (80.10) 


4 
for 1, == 0 y) nw zit: 


Hence, it is obvious that for en end position of tue detoator in tne side of’. 
the charge Less mass is. involved than in the contrary position, but this mass 
casries with it the greater encrsay. 

Tt can thus be said, thet in the detonation process redistribution of 
enerzy takes place and this redistribution can be controlled by changing the 
location of the detonator, which acrees well with experimental data. ‘Tne distri- 
bution of density and velocity of the detonation products for different cases is” 
shown in Fisures 197 - 201, 

When the detonation is initiated at one end oz the cherge, the mamitude 
of the wave is considerably reunced ; there remain orly the rarelaction wave 
proceeding from tre oven end, which 1s deseribed by equations (80.42) and (80.4p), 
and the rarefacticn wave proceeding from tne end whore detonation was initieted. 
It should be noted that this wave is deserived by the same equ,tions as the 
detonation wave, 1.e. by equations (80.5); as 2 result of this, the mazcisum velo~ 
clty of dischexze of the dotonation products at the side apposite fron the direc 
tion of detonation is detormined “rom tne expression 


2 —-D+42% 
=e tery (C—e)= Gay 


waich, for -e=0 2 faves axes Zip 

‘tn Lue case when detonatiori is dhoitiated in the intddle of the charge, it 
can ce assumed taat it is initiated fron the solid wall, and as a result of this 
the momentum received by the outclowing, detonation products is equal to the 
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prossure a 


Bi-ure 1° 


"on the wall (see Shapter XT). 


Dispersion of detonation products for a centrally located 


dctonrtor ( Lig d om, B= 600 m/sec), 


é 


wemwere Y 
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Aue AVS Dispersion of datonation proéucts for on end-lLocatcd 


Getonator ( 49 om, D= M0 nsec). 
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Tiare 188 Dissersion of detonation vrodiots ( 4=8 cin, 
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sigure 200 Motion of detonation produets (pach of varticles : 


“had omy -h=6,, D m= 9000 nfsee), 
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Pisure 200 Motion of detonation products (path of partiales : 


m9 omy ‘hav', D009. seo). 
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Phis impulse is determtned from reletionship (30.8). If the Velocity of 
detonation is expressed via.the energy of decomposition of the explosive (9), 
then 

Di = 2(k*—1)Q—=16Q 
end the impulse is detexrminca by the relationship 

I= VME=5V ME, (60.12) 
where Em Ma M, -_ 4 is the masa of tho detonation products discharging in 
this direction and £,\= MQ, 

Analysis . of the weve system formed as a result of dispersion of the 
detonation produats. in those oases when the isentropy index k<3 » Presents 
considerable anelytical difficulty. liowever, nere the srobicm can be solved”. 
for the case when het 


In ‘*his case 


M,=M [a hs) Rit 1)! ( nt2 (n+1) y, + 1] . 


M,=M—M, : 

. 2)9(2 Q\r(aey : 
B= E[2Qy— my SEP Ret On ee ayy +h). (30.12) 
E,=F—E,, 
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In the limiting case when.#=)], for any position of the detonator, ideoti- 
cal masses are disinte::rated to left and to right carrying idertical anoint of 


ones. The ina,jaitude of the impulse ss a result of this is determi .ed by tre 
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expression 
see ey vi = yj @ . (30. 13) 


Wo shall deduce tho values of oe and. ae for an end-looated detonator, 


fee. vhen 43=0, for different values of k. (Table 115) 
Table 115 


Ratio of mass and energy of the dispersing detonation 


products for different values of tho isentropy index 


(one-dimensional dispersion) 


Bor -pue3 |S ME = 0.592 VME, 
bat tay ME 0.565 VME. 


for 
We see that tho impulse is considerably reduced by a reduatic- of & 
from 5 to 1. The redistribution of mase end energy as a result of thig is 
also reduced; and for ksm1 the effect of redistribution tends to zero. 
Analysis of the process of aischarve of tha detonation products pre- 
sents considerable interest in the oase when detonation takes place instan- 
taneously, i.e, when explosion of an exple.uive takes place in a constant 
volume, The initial stage of disoharge is Gharavterized by a wave in one 
eecetion, which is duscrived, obviously, by tho special solution of the 


basio equations of gao-dynamios ; for example, for the detonation products 


discharging to the right ; 
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u—cexs, w= (iC), (80, 14) 


At the front of the rarefaction wave, the veloci ty of the gas is -aqial 
to zero, the velocity of sound is equal to the initial velocity of sound, 
the arbitrary function of the special solution, obviously, can be equated 
to zero, assuming that the disaharge process is initiated at the instant of 
time t=0. in the seation *=0. . 

The initial parameters of the detonation products are determined by 


the relationships 
(80,15) ° 


Rey HO Bete DaQa ee. 
It should be noted that the pressure of the products of an "instantaneous" 
detonation are less by a factor of two than the pressure at the front of the 
detonation wava, At the instant of time (m3 » the rarefaction war 
proceeding from tho right and left end of the charge converges at the centre 
of tho charge, after vhioh a refleoted wave is formed whioh,in the case of 
h=3, is desoribed by. tho eqiations, 
u—e=as, apomtt!, . (80, 16) 
This result ensues from the conaition that for “tee in the seotion 
i ema —y u=0 and ¢c=¢;, 4 as a consequence of which the acbitrary 
funotion .F,(u-+¢) in the equation x= (ufotth, (ute) ia equal to 
Fuel’. . 
The magnitude of the impulse acting on the wall located at the middle 


of the charge, is determined, for an arbitrary value of &, by the formula 


= (2n +1) ; 
. _ / V2 (22 +3) ME an _ . (20. 13) 
where ka te 


For k= 1,n-00 » the impulse is determined by the formula 


fen Vy (80, 18) 
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Values of impulse for different lsentropy indices are presented in 
Table 116. 

In comparing the magnitude of the impulses for a normal and for an 
dnstantancous detonation, we arrive at the conclusion that for 3>%> 1 
the inpulse for an instantaneous detonation is considerably in exocss of the 
impulse for a normal detonatiom For: £=1 the impulses for both cases aro 
tho samc. . 

Now let us analyse the results obtained, The prinolpal special feature 
of a non-stationary disoharge of gas is ths redistribution of the enermy 
density with respeot to the mass of discharging gas. 

A small portion of the mass has a velocity considerably in exceas of 
the "mean velooity" , corresponding to the ini tiel energy density; the main 
portion of tho mass moves with velocities less than the "mean velocity", 

Table 116 
Values of impulse for different values of tho isentropy index 
(one-dimensional dispersion, instantaneous detonation) 


a | a | Zapulso,l. 

3 0 > y- ME = 0592 V7 i me 
5 3 

z 1 tf = mem 0505 Y ME 
7 5 

5 2 . 3 of 7 me =osrs ¥ ME 
} nw Me mosis VME 


Since u=:u(M),. it 4s olear that the momentum(impulse) will be less. 
than for stationary motion of this same mass of gas.M with the same store 


of energy E . 


EIS 


. Aotually, ' MM K 
i= | udM, cay fut aM, (80.19) 
a Q 
where #=-4(M) 'e 
Let us find the wondition for /,,, if F is given 


We substitute the expresaion 4 


where 1 is a constent factor (Legendre factor). 

Differentiating the expresaionu +‘ with respect to u and equating the 
result to sero; we have..1+-Au=0 vhence v= — = const, ! 

Tus; / ‘attains a maximm for a given energy if the velooity of the gas 
is independent of Mf, 124, in the case of stationery gas flow, ds a romult of 
this; since for flow in vacus b= "” end ta '» We have 

‘= LY IME = 0,71 VME | (80,20) 
(the total momentum 4a 2/2 IME). 

We ahnll denote the coefficients in the expressions determining the 
manentum, in the cases of normal and instantaneous detonation, vy §1, f° and 
wo ehall denote the coefficients indivating the ratio of these mamenta to the 


momentum for stationary flow by 4, te and §,= The caloulatea data 


& 
—— z ° 
are presented in Takle 117, ° 
Table 117 
Ratio of the gwaenta for instantaneous and normal 


detonation to the tomentum for stationary flow 


(one-dimensional disperaion) 


As already mentioned above, the laws governing ‘‘1e discharge of the 
detonation producta in a vacuum give true results in whe oase of cischarze 
in alr only in the vicinity of the charge, ie at those distances for which 
the masa of air set into motion by the detonation products is less than the 
mans of explosive. In the one+dimensional case this distance considerably 
exceeds the length of the charge, 


§ a. Dispersion of Detonation Products for an Inclined Seation,| 


Let ua consider the extremely interesting case of tho flow of detona- 
tion prodicta from the surface of an explosive abarge, towards which the 
detonation wave converges through « certain angle a (Pig, 202), 

Figure 202 Approach of detonation wave towards the surface | 
of a charge at an angle. 


In order to determine the parameters of the detonation products disser= 
sing from the surface layers olose to the. charge, exact solutions of the gas- 
dynamo equations oan be used, However, ‘before analysing these relatively 
complex solutions we shall consider an approximate solution of the problan, 


with a view to explaining the physios of the phenomenon, the results of which 
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are, on the average, quite acourate, 

"We shall assuue that on the average,dispersion of the detonation pro= 
a@ucts takes place with respect to the normal to the surface of the charges 
ie. in the direction of maximum pressure gradient, Actually; es we shall 
see from the exact sclution; dispersion takes place within a certain angle, 
the biseotor of which almost coinoldes with the normal to the surface of the 
charge, 

It can be sean from Fig, 20S that the resultant veloolty is 


mV ult (gey ei) + por miei cose, (e142) 


where u; is the velocity of motion of the detonation products bebind the 


‘front of the detonation wave, a ia the valooity of dispersion of the 
detonation products in vacuo with respect to the normal and « is the angle 
between the front of the detonation wave and the surface of the oharga, 
Transforming relationskip (&1.1) and talking into account that 
uot te and = co oy» we arrive at the relationship 


92 = po V5 — Dh 1+ 4k (R— 1) C08, (2) 


which, for £=3 , gives 
on = 5 VIOF 6 cose. 
For a=0, -4, =D , and for a= mM=FV 3. 
The angle of rotation of the velocity veotor fo (Fig, 203 ).; obviously, 
can be determined from the ralationahip 


. 2 . 7 
Sif Py = = —— # sina= . 
~ 7 2k sina 
V bi — 2h dk — 1) cone , (81.5) 


aa 
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Figure 203 Dispersal of detonation products: 
from the surface of the charge 


YW Surface of 
charge 


Let us determine the limits of variation of the angle of rotation fy 
as a function of the variation of the engle «.. 


For c=0 4 &=0.', 
, ee a i = 2k 4 
and for a 2 sin, Vine tT , (a. ) 


which, for k=: 3 i; gives sin = 75. » whenode f=73° , This corresponds 
to a deviation of the flow from the normal by 17°. We note that the exact 
solution gives, for the mean velocity veotor, an angle of deviation from the 
normal equal to 12-149, @epending upon the polytropic index, 

Actually, as we elresay mow, as a result of dispersion of the detona- 
tion products, the pressure falls rapidly and the gas, as a result of expan~ 
gion becomes ideal, and the index of polytropy approximates to the value 
ent. : 

In this case, the relationships we have derived give for(a=0; 


- 4 | 
wae > fom0 7 for amt gy 28D 5 fo= 80» tre the 


deviation of the flow from the normal is obtained equal te 10°, 
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The true values of 7, and f) lie between those given for k==3 and 
k= 5° 

Let us turn +o the derivation of more preoise solutions, 

In the polar system of co-ordinates, for which the point of interseotion 
of the detonation wave with the surface of the charge is stationary the 
following equations are: lid 


du vou vy? 1 op 
dv vou , uv 1 op 
bop te art 7 tyra 


81, 5 
Four) + Rev) 0, (a0) 


e 
where ris the radius vector, § is the polar angle, 4 is the radial velocity 
component, v is the tangential velocity camponent, p is the density and 
p is the pressure of the gas, 

It is obvious that for the assumptions made, all the parameters, close 
to the line of intersection, depend slightly on +. 

Then, for the condition such that > , 0°, uy and uv depend only on ¢, 
the equations take the form (Prandétl - Mayer solution) : . 

du 


1 dp du d (pv) 
pM SH et+ AHO pat, 
rT) pao ( a) a (61.6) 


Introducing the velocity of sound and carrying out certain transformations 
we obtein 


du iy 
a 

d\ d 
a Set u(t FH) =O. 


; (81,7) 
ot ee =O, | 


‘Multiplying the last expression temmrise by 0 and comparing it with the 
previous. expression, we arrive at the result that vac. , 
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We shall find that the solution of our actual problem remilts from 
this condition 

In order to determine the maximm velocity 4. of flow of the dotena= 
tion products in a vacimm and the dependence of the flow velocity ¢ on the 
engle § we are justified in using Bernoulli's equation for steady flow (for 
the assumption we have made, that in the vicinity of the confines of the 
cherge all the paremetera are practioally independent of 7); 
| i =g+ 4 =const, (61.8) 


where iu in the given case is the same for all stream lines, 

Since qg?=ui+vi. . where v-=c , and the initial flow velooity 4; 
and the initial velovity of soumd c; are given, then from Bernoulli's equation 
it is easy to determine the maximm velocity ¢, whiah the gas acquires 
flowing in veouo, and alo the dependence of the velocity on the angle (6: : 


- At ati _ 
gat ot a ag EH ial aam re. "(8 8) 


Since sume, 
then \ : 
d k—-l7a ow 
a kpT (74 —2"). (1.1.0) 


Henoe it follows that_ 
u= 9, COS cos FET! (82,12) 


(we shall read off the angles from the line where. umd, in a oounter<alooe 
wise direotion). In Fig, 202 this line ia OC. Further, from equation (81,10) 
and (&1.12) 4¢ follows that 


U=C:=G, Vy #3 sin st 8, (al,12) 
The local Mach angle is determined by the equation 


v “hol. k—1 ’ 
wa Maz tan yf BET wy Bete, (a1, 23) 
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Let us determine the region of existence of a solution for the oase under. 
consideration, In Fig, 202 this region is bounded by the lines OC and OA; sbove 
the line OAwe have a region of constant velocity. The value of the angle 1.5 
defining the region of existence of a solution, oan be found from formula (81,15) 


un Mia VEST wf BET a, (60.24) 
It can be sean from Fig, 204, that in the chosen moving aystem of coordinates © 


having a velocity of ;—- 1 we have - 


o> ion Mim. 


Hense it further follows that 


k—T 
an Vz rT =F fn (2.25) 
‘Figure 204 Relationship between velooities (dispersion fram 


an inclined section) 


In the region ; all the parameters are funotions only of the angle 0, 


The line OC gives the limit of dispersion, 
Obviously, for 9=y » c= cy,’ whereupon using formiae (81,12) and 
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(81.5) we obtedu 
k-1 4p 
= wel, cosec | tai (81.16) 


Hence, using (81.11) end (81.12) we ootain 


he fit cosec it Fl | cos ae eet? (81.17) 


vme=ozcosec V £514 sin fh iat? (81.18) 


Let us determins tho values of the poerametecs in the usual (non-mobile) 
system of coordinates. The angle betrreen the radius-vector and the initial con- 
fines cf the charge is 

gap—y+o—a, (81.19) 
We determine the total. dispersion velocity. Knowing. the angle of flight and 


taking into acoount the initia] velocity ‘2 we derive the vector sum. 


sing 
Ye ootadin | _ 
a G ki —.cos3 
u=s3V oT (81.20) 


The anzle ¢ between the confines of the cherge end the velocity vector 

4s determined by. tho formula 

. ma (P— gle, 
where #& is the projection of the velocity onto the radius-vector and @ is the 
prejection of the volocity onto the perpendicular to the radius-vector. 

The formulae obtained estabdlish the devendence of tno velocity and density 
of the dispersing detonation products wnon the a:zle of fight and upon the angle 
of impact. Analysis of the solution shows tnct the maximum deisity- of the in- 
pulse is proportionel to pg » Whore q=V apa 3 the maximum energy is pro- 
portionel to 2g? and the maxinum power is provortional to pg 3 they amount to 
practically one and the same angle with the normal to the suri'ace of the charge. 
This engle depends on @ and :k.. 


With increase of k& and a this angle is docreased. 
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isure 805 Dispersion o: detonation Bie 206 Dispersion of deton~ 


products fron an inclined. ation ywroducts =1on 


section (t= 3, a 5): an ainclinec section 
(t23, om 4). 
, 4 


Boundary of charge 


“Wave front 


In the case of head. for gs 45° it omounts to 8°; for a= £0° the angle is equal 
to 149, which is in good agreement with oxperimental data. Pigs. 205 = 208 show 
the distribution of the quantities proportional to ‘pyar » p and g Yor 


kem3 and keep and for a = 45° end a = 90% 


ry 


Dispersion of detonation products from an inclined section 


‘Figure 207. 
7 
(2 = 5 ,as 5) 
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Figure 208, Dispersion of detonation products from an inclined section 
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The case of dispersion of the detonation products from the ‘lateral 


surt'ace of an explosive charge is of interest for more detailed consideration, 


1. 


ise. when the angle a=7 « 


In thiscase 1-5 9 @=™, ORF y 


k—-l 
Ve C= TES = opt unl Eb cicos el” 4 
veo; siny ree, w= [rAacosy FF o—cos 6), 


=D| > sin / 2=t0—sing], egos. 


(81, 22) 
k+I : 


An approximate, but very graphioal solution of this same problem is 
also possible (See p.....), based on the assumption that after the detonation 
wave has passed through a given section of the charge, dispersion of the | 
surface layers under the aotion of the internal pressure takes place perpen= 
dioularly to the surface of the charge, in the system of coordinates moving 
together with the wave fronts Then, in a non=mobile system of coor’ nates, 
it is obvious that dispersion of the detonation products will teke place through 
an angle » to the surface of the charge, such that this angle is obtained from 
the ralationahip | 


a; k—1 
Cate a (214 22) 
2e ~ 
where wee ie the velooity in a direction normal to the 


surface of the charge, ond =u; ‘=FE. is the velocity in a direction along 
the surface of the charge. The total velocity of disversion, obviously, is 


Getermined by the relatienship 


6 46 


G= BTV woth (21, 25) 


For typioal explosives, assuming k = 3, we obtain from (81,22) and (81, 23) 
that #2 169 and Ge0.6D. 

_ fhe laws as indicated are particularly clearly wanifested for the 
detonation of any extended charge of explosive or for a detonating fuse. 

If we wish to obtain, for example, the front of the dispersing deto= 
nation produots as a plane surface, then it is necessary for this purpose 
to take an extended charge or a length of detonating cord in the form of an 
angle, such that the magnitude of this angle ©, obviously, 1s determined ‘by 
the relationship: 180° = 2% =Q (Fig, 209), ° 
Pigure 209, Charge shape for obtaining a plane dispersion front 


for the detonation products, 


In concluding the investigation of the processes talcing place as a 
result of dispersion of the detonation products in vacuo; it should be noted 
that the use of the isentropy equation py* = const , where k = 5, as we know 
holds good only for pressures of p > 2000 ke/em?; fer pressures of p< 2000 
: Sion Zl, 


4°35 
However, the leading portion of the detonation products, for which the isene 


kg/om* the isentropy equation pw’ = ‘const, mist be used, where 1 = 


tropy equation pv = const,holds good, has extremely small mass, nenely 
its mass emounts to not more than &% of the tots] masa of the detonation pro= 


ducts, which does not necessitate separate consideration of its effeot, 
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§ 32, Dispersion of Detonation Products in Air. 


Let ua pass on to a stucy of the dispersion of detonation products in 
air, In order to simolify the protlen we shall ascame intultiy thot ih. Lots 
nation is instantancous, ana wo cueil consider the Castelouvicn on wic cetonse 
tion products and of the shook wave as if in a tube 

Let, at an instant of time t= 0 in the section * = 0 5 a discharge of 
detonation products be initiated ; as a result of the shook of the detonation 
products on the air init, a stationary shook wave 1s formed, the initial para-~ 
maters of which are . 

P= Py Ws, P=Po C= Cy (823) 

This shock wave will be propagated to the right,and to the left through 
the charge a rarefaction wave will proceed,such that tho rarefaction wavel at 
atime interval cj)f<x<(us—¢z)t will be described by the well-knowm 
relationships 


= (¢;—¢). (82, 2) 


x 
L— t= -- 


fr?) #sS 


At the time interval (u,—c,)t<x<ugt a stationary weve passes 
through the detonation products 
0 = thy, P= Por P= Pam C= Chm (82, 5) 
The initiel paramuters of the shock wave and of iho detonation products 


at the boundary of separation are determined from the equation 


emi —(z)h= /B 2po (82.4) 
x \D; Pitt Ve” 
which, for 
5 1 -- 
T=7) B= B/om, = 16 g/cm’, D = 8000 m/seo 
gives 


i = 4680 w/sec, 7; = 128,000 kg/om? » Po = 820 kp/om? 
The reflected rarefaction wave 
at 2 G25) 


overtakes the stationary rarefaction | wave et . 


whereupon a new wave sriginatee 
a temtt, b—~C mg —~Cam * (82,7) 
which will be a compression wave. (In the case of a spherical explosion, as: 
a result of the dispersion there is formed not a simple compression wave mut 
“a ahook wave which pesses thccuga the explosion products ). This compression 
wave overtakes the boundary of separation at 
teak, Sth at, (82,8) 
efter which there originates in ths aly a new wave, Within the sone of the 
shook wave, whioh overtakes the front of the shook wave at 
Mm ETD Daly ae “(63,95 
(hich corresponds to 5 = 20 25). 
This wave vill be a sixple one | 
U— Cag —ey =U bE+F(u)’ (a2, 10) 
80 that an arbitrary function oan be found knowing the law of motion of the 
boundary of separation, However, we shall not carry cut these complex calou- 
lations since they are of no great practical value 
Now let us consider the probles of the initial phase of motion of the 
shook wave created by an ectusl detonation, | 
. dn accurate solution to this problem is not postible, howsve: an epprui- 
“Taste. description of the properties of this wave cen be given in the case 
vhen the dsentropy equation for the detonation products takes the fora 


paapd r) (8211) 


peBoe 7 (82,22) 
ond on the asmumption that within the region of the chook wave the density is 
ple 
Postma, LET (82,15) 


ae OIF 


Behind the shook front, according to the extent of the pressure change, 

the air density changes (it is reduced), but we shall not take this into 
_ acoount in the approximate analysis, 

On these asmimptions the problem is solved analytically. 

We shall present only the finsl results, omitting the rather umieldly 
dexivations. 

fhe lave of variation of the shook wave parameters in the process of — 
its propagation ere determined by ‘the relationships 


. an 

can(tt)t et (3 *) | ' (82,24) 
where . 

; ; tah Cm, mae (82,15) 

‘(Ug = Ugo is the initial velooity of motion of the boundary of sepatation ). 

a = eet FE (a2, 16) 


The daw of motion of the shook front is determined by the relationship 
z - 1 1 
a a (et eT) 
Fm ts Yo (ao? + \e C *) (62,17) 
(tor 20:1, p= =() 


The pressure at the boundary of separation 1s equal to 


| te = 0,06502,. (82,18) 
For D = 6000 seo 
- Po= 97005, (a2,29) 


if the pressure is measured in kg/am*.) Results of the calowlaticns are 
presented in Table 118. . 


Table 118 
Shoak wavy paratetera in air (one-dimensioual charge) 


L 


The solution found is applicable in preotice up to times for which the 
equation ‘pam Ap, is valid for the detonation products. Approximately it will 
be effective up to a distance of about ten times the charge length 

In the case of instantancous detonation the reflected wave of the rare- 
faction wave overtakes the shook front at a distanoe of about 22/ . 

At this same distance the pressure in the ahook wave for an actual deto= 
nation is approximately the sate as in the case of an instantaneous detonation, 
and the maximum drop in pressure in the shook wave in both caseswill take 
Place according to ome and the same law, We have already shown that the law 
governing the drop in phessure may be represented approxinately by forma 
(62, 18). 

For this case we write dow: the Law of Conservation of Momentum 

Sy (Matts) = 3p = spo“) = thy at + Ma Ge 7 
aince Ma==a(nxl$+— pel), then, by introducing * . dimensionless coordinates 
and negleoting the quantity, : 1 


ci] | 
7-7 relative to unity, we oan arrive at the 
equation 


2 é 
; (88, 20) 


Here t:=-j' 4a the dimensionless distance at which the -flected 
wave, oF wore precisely the compression wave (02,7), overtar.. we Boundary 


of separation. 


Integration of this equation for the initial oondi tions 
keaXy Coat, bod, or lark, tat UAT, . 


gives the epproximaté law of variation of the shock wave parameters for its 


maximum propagation. 
the lew of variation of velocity with distanne hes the forn 
“ pot ft oe. : (82, 21) 
8 Tl pk TO 
nm | 


eager » omen! 
ioe thie value of :E determines the limiting expansion of the detonation 
producta, 

At greater distances from the point of explosicn the pressure at the 
shook front will be greater than at the boundary of separation, which, in the 
course of time, denis to considerable inaccuracies in using equation (82.17). 

Considerable interest is presented vy examination of the limiting 
phase of propagation of the shock wave at distances where the change in| 
entropy ‘proves to be quite small. By negleoting this change the problem 
can be considered as an acoustical approximation, ) 


§ 85, Limi ting "acoustical" Phase of the Process. 

Within the Limit, for a sufficimtly large interval of time after the 
beginning of the process (for. t-»'0d-4n an infinite tube), the explosion pro- 
dusts will completely occupy a finite ‘volume, since the final pressure abould 
be Puy ) 

This ‘volume, for the detonation products of condensed explosives, is 
determined by the relationahip 


Hota te (2) F(A) | 
"UE Poo Ny Pa}, (85.4) 
where fy is the pressure at the conjugate pointe 
The pressive of the air set intc motion within the zone of the shook wave 
should also be close to ps for large values of + ( but not identically equal 
to p,' ) in all regions, sinoe the shock wave for these conditions degenerates - 
_ into a sound wave which should be represented by a compression wave. 
This sound wave should oarry the entire determinate onergy E, eB,» which 
is determined from the following considerations. . 
The detonation products, within thelinit, have an energy of 


¢ 


a ‘; 


at 
Pwo Poly Py F e 
Benet (a (7)". ; (5.2) 
. Thus, the enermy given up to tne. atmosphere will be 
iy 
a __ eM a! 7 Py\F |: 
ym Ei: Ex =2(1- wen | #1) () . (88.8) 


Thia energy, for a sufficiently lerge value of + , 18 also propagated by a very 


extensive, but of small intensity, compresaion wave. 


‘For a plane sound wave, the amplitude of whtgh is not ‘infinitely small, for 
2 Apem'p P< Os , 48 4s well-known, the singular solution of the basic system 
of equations ia valid: 


xm (utolt+F(utep (05.4) 


2 . 
my (0 — es), 
If the quantity - 4+ ej in the wave deponds monotmically upon * , sudan 
that Pt > O. then in the course of time the quantity ‘uke becomes a linear 
function of § , whatever the value of F(u+c). was 


or us fy OF a 


for cay to 20, | ats ‘ “afin un 0, witlan gives 
fo ns oe, yous / (85.5) 
‘wom (w+ c)t const. 


We shall assume aleo that for (<o!" 
X= (u +c) f+ const. 
whoreupon this expression, for convenience in future use, will be written in 
the form . 
‘ema tt latey(t-+h). (83.6) 


Then, from the second relationship of (88.4) end (85.6) we obtein 


mcUHE 9). mr. Gn 


The velooity of the :: ::: front of the not infindtaly weak sound weve is deter= 
mined by the oquation 
' dx ao+¢+5, + ky “* ‘ 
Ds =a>= aithts ut Lapevm pts + ‘| j ; (85.8) 


Intesrating (68.8) we arrive at the relationship dezining the law of motion of 


t 


the shook front : . 

km ret ea(t +h) +A VEG (85.9) 
where the oonstant of integration _A‘ 4s derined from the condition that at a 
‘dertain time q , the known coordinate of the wave '%, (or the velooity Dey is 


Am FBV EF iy 


From (85.7) and (85.8), (85.9) we obtein for the wave front 


‘we 2A » C4, om eb tee 
G+) Vi+f Fl - (85.10) 
Da matiyhs: ; 
The, total energy of the sound compresedicn wave oan be determined by the 
formula 
fom f <a as, : (88.41) 


where p;* is the pressure at the. wave front. 


Since 'Ap<p, sthen the expression following the integral sign oan be 


- represented, nocurate to terms of the’ seoond order, in the form 


se ran Apey  (ap)?e, | pau” 
71 2 1-1 2e, 2 " 


but to the same approximation uaa ft, therefore 
: le ne (Ae eo 
pT 


Prom the first equation of (os. 7) (expanding into series ‘and Atscerding 


terms of the secand order ) wo obtain 


2 f% +4 3—7 F, +4, $ ee, 
4p == tlie “ tampa t —a), fo (85.12) 
for 
1 dp = 0 Km — Ky t Coll + bi 
for a pmb em me balttA+AVEFm "* > 
therefore Pn, . . : 
if Pag Ki 4» (apy? Mat, a1 A I. 1 
ao 4 pied ne Wa oe s = ‘ ” 
ome f (4+ we oe sat[ tina yay a (8588) 
Obviously, the excesa masa of air My contained within the wave re determined by 
the expression “beg yt 7 . 
M d A’, A 3-7 A J i 4 
,; if vf Ap dx mm mira OT ie (88.24) - 
Let us now determine the momentum I, of the air in this wave 2 
fay. Mpeg. Mg) 
hw f pdxmp, [ wie [. (ode, 
fe a ° é 
hence 
“Ate 4 A . . 
_ alt 30+) a Vit -| 4 (85615) 


If we express EB, and 7 » vie My» substituting iA; by Di, ‘t 


atic -1)]. 


. (85.16) 
for ¢-r00) ° : 
Wy em Ate 5 MOE Melis y= Myles > 5 
oT? Ast tay lg== Mole (83.17) 


The fall in energy with increase in time is assocoiated with the fant that os a 


JOx. 


result of the propagation of a non-infinitely weak sound wave, a portion of 
the energy is irreversibly transformed into thermal energy, which "gets stuck" 
behind the wave passing through the given volume of air. This affect can-elso 
“be studied : we know that in determining E51, and x, the inacouracies 
associated with negleoting change of entropy does not affect terms of the 
second order proportional to . (4)!~t! , which, after integration become 
terms of the first orders 
The inaccuracy eassoolated with negleoting entropy only affeots terms of 

the third order, which after integration beoume terms of the second order. 

It is obvious that behind the wave for p=—=p,, the condition v<o, 
should be attained, which gives ¢>0,/, whare o and ¢: are the specific 
Volume and velocity of sound behind the wave, so that the quantities Ay=uv—o% 
and Ac=c—c,. should be proportional to the quantity (Ap,.,)% 

Let us find theae relationships. Since the volume density of the energy 
behind tho wave is constant; A(pe). = 0, where ¢ ia the internel energy 
denaity, calculated per unit mass ; hence. Ape + ps ‘Asm 0" » Sinoe Ac= TAS —p.d0, 
we’ arrive at the relationship ; 

Ae (ont pe0,) He ie TAS, (as, 18) 
where /,18 the enthalpy of the air, 
In order to determine the values of AN sith soxpect tw the rapid change 
of pressure at the wave front, we-have the well-known relationship -- 
TAS rt ; (88 29) 
Therefore 
mo Op (8820) 
In the case of an ideal gas 


ww, ote ortley |! 


a a 


L= 


and (65, 20). esaumes the form 


tate oom 


Since for constant pressure ait, then 


dc tt! ('Bpsg.\ 85, 22 

In order to satdsfy the Law of Conservation of Energy, i.e in order 
that the sum of the total energies of the air masses contained in the wave. 
and behind the wave should be constant, it mist be assumed that behind the 


wave the pressure (0, % Pa. 


Obviously, the difference 
Pr — pas dp, ~ (A, 


a more accurate calculation gives 

1@—1) AP 
Q+ 1) &. 

. d+h)® 
For t—r00 

h=V7—) ME, (88, 25) 

_ Since the momentum of the air is equal to the pressure impulse acting on 
the wall for ico (as a regult of completion of the gas disaharge process), 
then this impulse is determined by the formas 

Im Mets, “Myx (y—1) =. ‘(88 26) 
Obviously, the value of 8. is the eum of the energy of the gas ‘a given up 
to the atmomphare and the energy B, of. the displeased mass of air, where 
E4 = (Ym — 91) Ee * (85 25) 
Substituting E, from (65,5) and asquming that 


end k = 7'; we arrive at the formla 


F =i i 
halt) f= Rt 


c 6° 
whence, after transformation,we have . ; 
aM, te 22 (tm) Pe fo 
l= Mi oT (Ft =n, (5, 26) 


where M, ig the mass of explosive, k, = 5 for typloal explonives, 
Comparing the magnitude of the impulee I with the impulse resulting 


JOT 


from discharge of the detonation products in vacuo (/,') we find that 


=n J FQ Q~3. 


Comparing the mass of aix in the shook wave with the mass of the detonation 
products, we have 


= Oe 7? 
a 40. 


In the prosess of expansion of the gas, the instant comes when p= ps, . 
but u>U at the boundary of separation and the expansion of the gas is pro= 
longed up to a value <a when the velocity u. of the boundary of separation 
between the gas and the air becomes equal to sero, After this, reverse motion 
of the gas commences = it is compressed to a value'p>p., then it again 
expands, and so on, until the condition p—=p.' 1s established everyniere 
Damping oscillations of the gas colum are set up Obviously; 1¢ 18 sufficient 
to consider the first expanaion and compression, after which the process practi= 
cally ceases, as & remilt of which it 1s-found that p<p, at the wall during 
a certain interval of time, Tis, the magnitude of the impulse also undergoes 
fluctuations eround the value Zoe 

The case which we have considered of the limiting shook wave gives an 
epproximation for the value /.’ above, and this signifies that for advancement 
of the shook wave, the pressure at the wall, being less than p.'; approaches 
the velue /a¢ after the first sxpanaion, the process of compression of the 
Sas will have the largest amplitude, corresponding to a week shook wave, In the 
Process of the first expansion the sheak wave is relatively strong, 

Compresaion of the gas takes place as a commaqience of the fact that the 
presgure behind the ahock wave; aa we have shown, is greater than it was | 
originally p>.) . 

The laws which we have considered for the limiting phase of the shock 


Wave are adequately underatood from tha phyainal point of vies. 


J2§ 


Let us now try to analyse approximately the basio laws assoolated with 
the pulsations of the gas, and to estimate the limits of its maximm expansion. 
“Yrom the theory of non-stationary motion; it is mow thet the "non 

stationary " impulse is, on the whole, only 20% less than the corresponding 
"stationary" impulse ; this difference can serve as a characteriatio redistri= 
Dution of energy, It may be thought that the difference between the internal 
energy of the gas for {-+00, x=x.. anifor x=1,,,, | Where -x,,, is the 
maximim expansion, will be of the same order. 
The energy for s=*0 is a 
Bes Bi(ra) 


The energy for t™ a4 is 


Peers) 
The difference in energy ia : 
ae=6 (7252) ~(rma) | (a5. 27) 
or fet _ hed : 
~ seme) (2) (8) 


where 7) 1s the pressure for t=ra.,., 
Since Pr— P< Pe ‘» then, denoting Po—p== Ap we arrive at the amression 
‘kei ~ 


mF, BoA (Po\ FE ip Aa! Ap 
AEs EB; #1 se (22) = En A 


Taking $y » We see that et, ce 

Tms, the value of the ntindmum pressure is 0,5 a and aha uw 16, 
and consequently the magnitude of the impulse is not very considerable, 

Thus, the essential oonolusion oan be drawn that the momentum of the 
shook wave for {t-—oco tende towards a completely finite limit, This momentum 
exceeds the momentum of the detonation products, which they should possess as a 


result of discharge in vacuo. The increas: cf meaienwum is explained by the fact 


09 


that the mass of air set into motion exceeds tha mass of the detonation pro- 


diets by a factor of ten. 


§ 84, Theory of a Point Explosion, 
Sinilerity solution for a strong shock wave 
The convergent strong wave. 

A point explosion is the simplest osse of the action of a shook wave,. 
for which it is assumed that the mase of the detonation products are infinitely 
small ( it tends to sero), but the quantity of energy liberated by the charge - 
is finite 

Obviously, such a statement of the problem bolls down to the discussion 
of the effect of only one shock wave, 

At distances close to the sourve of the explosion, this shook wave will 
be strong, Therefore; in order to study its preperties, the intrinsio energy of 
the alr set inte motion oan alivays be neglected, i.e, the value of the atmos- 
pherlo pressure 0. in comparison with the pressure at the shook front 

4s already shown in 1944 by SWEDOV and STANYUKOVION, the study of a point 
explosion is considerably more simple than the study of an actual explosion, 
and the rebults obtained from it may also be applied to suit the oase of an 
aotial explosion. 

As a result of a point explosion, the mtton of the alr in the shock wave 
at close distances from the explosion origin follows 2 similarity solution, 
since it ig independent of any of the lixear ‘nitiel parameters characteriaing 
the explosion. 

By “similarity solution" motion we should understand motion such that the 
spatial distribution of any value 1s deoreased similarly with itself in time, 

_In order to study. a point explosion, the basio system of differential 
equations 


Ve 


ou Ou 1 £P 
oe tegety 


fey sng 8 4g 
of 52 (84s 1) 


pte pao 
is transformed into a system of common differential equations, since all the 
parameters oharacteriaing the motion of the air in the shook wave cen be 


expressed by the relationships . 


ual" (2), pane), pa nernsreig (a), | (4,2) 
whare 2er/t 44 an independent funotion, aj and a ere constants! 
In order to obtain the unkwwn differential equation, we shall introduce 
the change’. #=7/p.. Then equation (641) will assune the form 
— Set ag wl tt + oO, 
St tt get Emo, (608) 
came eee 1 (St + a St) mo 


From the second equati of (85) it follows that 
al | 
Fret age me — (FE + MH), | 
. Substituting the expression on we right hand aide in the last eglation 
of (845) we obtain 


Se n( a + MA) 9, tesa) 
. Introdus ying. ped, yous “we obtain the equations 
Ama baal py pep dy + yl me, 
be ehy et dled, (ou 5) 


FHF FD HV + a] F250 


Wy 


Bere, for example, 


. Ox 
*=Fint' 
Ox 


_- 
i” = Fine’ 


We shall now derive the solution of this system, assuming that_ 


ixeax(z) Y=y(Z) pall*n(z), (848) 
where _ 
- r 
z=. 
F do 
Then ~ 
* x 
%=—Q Ting’! 
1 ax 
| _ ding’ 
Equation (84.5) now takes the form : ; 
dx (x—a,+1)-+dy-+ y=) + (2y—x)dinz—0, 
DP (xa) + (1-1) det ding (x[N(7—1) +141] —2) 0, 
Dh (xa) +de+[(N+1) 2 +a,] dinz—=0, 
_henoe we find that 
ding 1 —*) TTI) 
de = WON FTF ae 
i = a,— xP — Ty - 
YR —NFa+ iN +l) a] ayaa) (4,7) 
: —Inqein(x—a) + f SEALED ging, 
1— = 
We have one differential equation of the first order in the whole of 
the derivatives - Its solution will be = Fi(*; yi 1) =O. 


a. ia determined 
by the quadrature 


Fy(xi yi zy ey 0) = 0, 
and "7 is determined by the quadrature 
F(X Ys 215 C15 Ca} 04) = 04 
As a result we obtain a solution dependent upon six constants 


: three 
obteined by integration (¢1, cy. and 3) . end three introduced the solution 


‘14 Gt) > at the same time the constant t oan be introduced, since the 


We 


equations arc wneltereé by substituting + + t for +t o 
Relationship (84.2) follows. aitomoticolly fram relationships (84.4) aus 
(84.5), so that 
. om Z yn. 
Since at the front of a strong shock wave sonditions are achieved such that 


2 
PL THT Pe D*,, 


‘ 2 
ayaa Ds , ‘ 


fi att 
PE tool 


(where D, is the velocity of the shock front, and the suffix "i'" refers to paro- 


meters at the shock front), and also — 


rom We By 


r=azt 

dr =x ayzit' dt =a, + dt) 

then ~ 
DAT: (24.8) 

It is easy to see that at the tront of the wave zeaz;==- aonst, since the distance 
travelled by the wave front, in the caso of similarity solution motion, varies 
proportionally as -f, which follows fram definition of similarity solution 
motion itself, i.e. it is indevendent of z. 


‘i., It follows fran these conditions that 


; 2 t__ 2% ; | 
Mm HT Os TET! 
yg ee PO PDO RN at ae 
ve | | (84.9) 


Obviously, y=4(2))m ‘aonst ; the parameter aj'is equal to 0, sinoe at 


the front of a strong, shock wave in en ideol gas 


The point with the coordinates 
a "ye 21) oe. 
MATT N= ae 1 ay 


lies on & curve, which is the solution of the equations for a strong shock wave 


from a point explosion. As aresult of t ,, » equation (8467) takes the form 


| 
; ding (UG | 
| 


dx as = 


(ay — x)? — 7 


at ama? hues fe 
yea — NINE Nala ay? |i 
myer oeen fz dinz. | 


(84.40) 


In order that ‘tne ‘softutdon: should be doterminate ’ it 1s necessary to know 
the oonstant a;. The constant “ty, without limiting the generality of the solution, 
can bo assumod equal to zero, on the assumption that the explosion takes place 
at time t = 0. In the given case, #48 determined from energy considerations. 

We write down the expression for the total energy of the shoak wave at eny 


instant of time (as long as the wave is a strong one) : 


Em A / [oer +E2) ¥ dr, (84.21) 


vw 


Fere As 2forNs0O3 A a 20 for Nel; Am en’ ‘tor Nm 2. Expression (84.11) 
reduces to the form - x 
r= af <a 4. tye 2 gz Pianta N+ near. (24,12) 
Since the totel energy is constant, then the ‘dritegral ‘should be independent 


of t , and therefore 


2 (a, — 1) +a, (N+ 1) +0,=0, 
or . 
| a(N+3)+a=2 7 (84,13) 
in the caso under ‘consideration a =0 ond 
qaaey: ' (84.44) 
Sonpsequently, for a plane wave aye, for a cylindrical wave a; =F and for 
a spherical wave a= 2, 


Thus, a.ation (84.2) assumes the form 


WF 


N+3  N4t | 
pee xl ia xg TPT, 


\ 
po tend z*yp az" ** yor —(N+ | (84,15) 
I 
Tima, at the wave front . 
| | pewr?® (84,16) 
and. the velooity of the wave front is 
Nt! 
- Dy~ug~r Tt, (84,17) 


This result was firat obtained by LANDAU in 1945. 
‘It was shown by SYEDOV that the solution of the first equation of 
(847) for the conditions of (84.14) oan be written in a simple analytical 


form 
1-1 a ai 


j= . 
1 — A 
I a—4t | (e418) 
It can be easily seen that this solution satisfies the initial con 
ditions of equation (64.9), i.e. the conditions at the wave front 


From the quadratures wo ), determine that _ 
i e=aex (4) i qzyaT [e+ 
saat! mela), (e419) 


: ois a ia 
in p==¢,(a,—x)T-* («rman x 


. X[*+aq=se3 fi OFT Ca (x). (84, 20) 
We determine further that i 
‘ {-1 . 
“ye 0g lta) (x— aye 1 qa [s+ 7 _—s = [= (o4, 32) 
= 6,93 (2), i 


styl dar 9 ga) (a, — aT [++ aD ter) 


1 Cieae, (x). (4 22) 


Here 
_ a, ta! 1 
= aG=ntTH71 2 aon t+. 
t . 
b=2a[1+Goya]: 


From equations (84,20) end (64,22) we determine the temperature 


Ply — ——— a 1) V&(t~ay) 
ART = (7 1) ey 2y * x 
a, \f a t a za 
tan fe-4 “lebag=peeaT] (amas) 


Fmations (84 20) = (84,23) give the distribution of the primary parameters 

of the shock wave behind the shook front and the values of the parameters at 

the shook front as a function of time, or the path taken by the shook wave,’ 
Let us analyse the solutiona thue found, At the centre of « point 


explosion for 
Ken xyeak, yoo, z=0 


um, pom, pmmconsteap, T—»00, 


The quantity pat: is determined from equation (84.22) 


Bang a(1t1 OY (tLe (14! a)7-+-1—2ay I: 


Rj 2 yay +3— Ga, +4 (84. 24) 


Let us consider the limiting case ; for 1=1 t= for any value of N 
Table 119 gives the values of ¢ for various values of N and Te 
Table 129 


Dependence of ‘'on the Isentrmpy Indar 


Fo 9 9 Bf 3\ Wer a 
r 192 (= > ) e¢ For Na O, 1,2 we have respectively 


Let us evaluate the integral in expression (84.12); using formia (8414) 
we obtain 


baa fw 2p+4) 
Ci) : 


- (B4» 25) 
It follows from equation (64.18) that - 
—x —t 2. 
gate Tet! |= 2 
i 
and from equations ‘(84 19) and (84, 20) we obtain _ 
aa = =, it! 
FAG? 1V= Piet pity st, 
where’ fii and\f2: the values of the functions, fi and 9 for | ‘kak, zm 247 
Tua, _ _ 
ag - 
e= A f —— Ht dx | 
* 1 Pig Pag 
If we denote — | 
ci a ; 
x F1 Pah = | 
[jag eae | (ty 26) 
' 1 Pry fay" 
Thea - _ 
| Ex Tt Atpyed = TE At, 2h. | (04027) 
} ae 
We shall transform this expression Sifoe ~~ = =~ 
3(a,— 1) zi) 
PTET hs erie a ty ae, 
then . a ~ ~ ae 
i= ath Py N+i 
a= 2 ar a ae (84,28) 
which gives. 


a rapa parte 
ee At IE! pet (435+) 


W7 


If we denote 


jth a (84, 29) 


A’, ‘+! yepresents the volume v; occupied by the shook wave. 
If we designate 7! 7, where'Ei'is the Volume energy density at the shook 
front, then - 
E = vies. (84, 50) 

Since E oan be represented in the fom Ex uF where JE, is the 
mean volume energy denalty, then as denotes the ratio of the mean 
energy density to the energy density at the shoak front 

The value of will be necessary for our further calculations, Since 


rem TET pat 21h) —ié N+ 1) ark pos, 


ae [apt evenato i 


Aby 2ai p (iA. 31) 
which determines the value of Pi. by the relationship _ 
mar a(a,-1 ( i—t E+ 1) 
Pom TET Pal [5 », Agar J: 
If we designate . ee 
2a} ’, ts! Ep)’ (64, 52) 
THT Py Aba 
then. 
| - 
i "awe: 
H Pie BE) 2m BEE ¥43 L (64, 55) 


The results of calculation for a spherical and oylindrical shook wave 
are presented in Figures 210 and 211, 


7/8 


¢ 


Figure 210 UVistribution of parameters Figure 211 Distribution of parameters 


at the front of a spherie at the front of a oylindri- 
cal similarity solution Oal similarity solution 
shook wave. shock wave. 


Let us pass on to the determination of the impulse for a strong 

' gimilasity solution ahook wave. Obviously, the impulse acting on unit gurface 
perpendicular to the wave velooity at a distance 7° from the centre of ths 
explosion is determined by the forma 


I= | iratme fe 2p 


/ 


(84, 54) 


Tere: | t= ayn is the time during which the wave front travels a 
distance i ‘ly Henoe it is clear that in the one=fimensional case N = 0 for a 


plane wave se _ 
[~ t? ~ Vrs . 
for a oylindrioal wave (N = ca ) —_ _ 


I~ Int, ~ ta 


ana for a spherical wave (N= 2), "~ 


Thus, the impulse proves w be finite only for a spherical wave foz 
rn>co., But this 4s understandable, sinoe dn idealising the problem we 
asmume that the external counter-pressure 1s equal to zere 

Aotually, if the external counter-pressure is taken into account, then 
for a plane and a oylindrical wave the impulse soting on unit sirface will 
always have a finite value at any distance 

We shall present a few calowlations oarried out for a mre real. case = 
a strong spherical, similarity solution mve (N=a2, aq.—=2, air density 
n= 770 g/am® ). On evaluating the integral in (84,26) ,we obtain lt'= 2 
for 1 3 to % » ieee for a heated air ahook wave (evaluation of this 


integral 1s carried out mmerioally, aince tha integral is insolvable in the 


general form). 
Hence, using formula (84, 29) we obtain 
Ean = er A, 
which, for 17 «2 gives ~ L 
‘ 32a 
Bes PN. (84, 85) 


Further; taking equations (84, 51) ant (64,52) we obtain 


Ly 
— 
ry a 


n 
Bow Zk, zim 2588, 


whence . 
a 21 
__ BES BEB ee cE , , 
a A nm (84, 56) 
; . 


(in the 0.6.8, system). 

Those formiles are valid only up to « definite distance (up to a 
preasure at the wave front of about 10 = 20 kg/am’), 

Further on the density at the wave front is reduced, the wave readjusts 


to become 6 similarity solution Wave. As a remlt of this the intrinsic 


720. 


energy of the air set in motion by the shock wave commences to play a. 
algnifiaant role. This factor also dierupts the similarity solution behaviour 
of the motion, since the flow of energy 1s not subject to the law of similarity. 


‘Assuming that 
B= mQ = + nr ¥.Q 


(m is the mass and h the radius of the oharge ) we arrive at the conclusion 
that by taking into account the intrinalo energy of the air in the vicinity of 
the point of explosion, the energy balance (equation (84,29) will be determined 


by the relationship 7 i 
2inrt op, nr nro, , 
= wah “3 Qt 11 


(the second term of ‘the right-hand portion of the equation allowa fur the 
intrinslo energy of the air set into motion). After tranaformation we obtain 


\  S3—1 s 
ape ne (| +b, (04. 87) 
where ° ~ — 
Ap = py — P,, 


Megleoting ‘/.1in comparison with Ap, since the wave 4s a strong one, and 
after substituting the values ‘fo, = 1.6 g/am’, Q = 1000 koal/kg and x = 1,25 


we obtain 
Ap = 25 000( 22 (84 58) 

This formula is valid for distances at which the wave is still strong, 
Consequently; a presmire of 25 ke/om ip attained for Tia 107; » 46s: epproxie 
mately at the came distances as for an actual explosion 

The theory of a strong point explosion which we hava considered is 
valid only in the region in which the pressure ahead of the shook front oan 
be neglected in comparison with the pressure ‘at the shock front; Le at 
‘relatively small distances from the centre of the explosion, 


At the same time, for. the explosion ‘in air of a spherical charge of 


SAf 


the usual explosives, the basic relationships at the shock front as 4 
function of the charaoteristios of the charge and of the distance oan only. 
be established approximately at present, The impulse of the shook wave is 
determined by a more or less acourate_ oaloulation..However, this is inadequate 
for estimating the radius of the destructive effect of a normal ox an atomio 
explosion, It is essential to know the characteriatios of the explosion 
field (pressure, velcoity head, impulse eto) in the region where, in the 
hydrodynamic sense, the wave is no longer strong, but is still oapable of 
Causing chareacteristio destruction, 

The development of machine calculating techniques nowadays permits 
similar problema +o be solved relatively simply. Thus, the problem of a 
powerful explosion in on infinite atmosphere of constant dengity has been 
solved ty mmerical integration with the ald of electronic computers, The 
results of the solution are presented in a report by Broud in the form of 
graphs and collestive talular data for the empixioal formine, The problem 
has been solved for three cases : a point explosion, an isothermal sphere, 
the density of the gas inside of which is equal to the gas denaity outaide, 
‘the sphere, and an isobario sphere, the inside temperature of which is equal 
to the gas temperature outside the sphere, The initial pressures in the iso 
thermal spheres are 2000 and 121 atm: respectively. 

The initial preasure of the medium outside the sphere and in the 
medium surrounding the point source were taken as equal to one atmosphere, 

4 similar oasloulation has also been carried out by DE, CKHOTSIMSEIT, 
I.L.KONDRASHEY, Z.P.VLASOV and R,K,KAZOKOV in the Mathematical Institute of 
the Academy of Solences USSR for a somewhat more extended range of pressure 
at the shock front than in Broud!s paper. 


We shall give the primary remilta of the mumerioal, solution to the 


LAD, 


problem as stated, As primary variables we take the dimensionless distance 
and the dimensionless time 
te, 
vee ' ; 
where ’ is the distance from tha explosion centre, e is a quantity propor’ 
tional to the exploaion energy converted into the shook wave (dynamio length), 
t is the time and c. ig the veloolty of sound in the gas ahead of the shoak 


front ; ¢ is determined by the relationship 


t 


tee, (Bach) aR ~ | ' (B59) 


_ _ a nn Cd 


where z, is 5 the energy imparted to the gas by the explosion, p, is the atmos- 
pherio preasure (the pressure ahead of the ahook front); p is the density of 
the gas behind the shoak front, 4 is the veloolty of the gas behind the 
shook front, E,., ie the specific internal energy of the gas in the shook 
wave; 7 is the adiabatio index of the gas, assumed to ba constant in the 
problems 9 be solved, ‘1s the distance from the explosion oentre to the 
shook front, -5- ie the specifio kinetlo energy of the gas in the shool: waves 

The second term of the right hand portion of relationship (84 59) 
gives the initial internal anergy of the gas. 

The dependence of the over=pressure at the shoak front on 

hy Ora rie) de shom tn Pig 212 The continuous curves give the 
dependence of <Api(\i) for a podnt-explosion, and the peoked curves depiot 
the depondense of the over-pressure at the shook front on 1; for the oase 
of isothermal spheres with an initial overpressure of 2000 atm and 120 atm. 


The dot=dash curves depict the solution for an isoberio sphere, 
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Figure 212 . Dependence of overpressure at the shoak front on 
dimensionless distance. 
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For a point explosion within the range ?i> 10 atm, the results of the 
mumeriocal solution are well-desoribed by the empirical formula 
Ap; = 0.1567 4,75 4 4 atm, (84.40) 
For weak shook waves 


“2. 0.269, — o.oto ata, (84044) 


bp,m 0.157 2, “> + 04119 A, 
where 
Ot <4p,< 10 or 0.26 <A;< 2.8. 
if the energy transformed into the shook wave is expressed in unite of 


TNT equivalent and the distance 7 in metres, then relationship (84.40) 


Jay 


and (84.41) can be written thus : 


a 
Ap, = 6.70 SS 24 atm (84,42) 
re 
4 
and 


3 8 >: 
dp, = 0, 975 Mieg 4 1485 ie + 5,85 28% . 0,019 m, (84.43) 
. ta 4 r2 . 


“4 "i i. 
where Goa, is the TNT equivalent of the explosion with respect to the shock 
wave(for the case of an explosion in an unconfined infinite atmosphere). 

It follows from Fig, 212 that the solution for isothermal spheres 
practically corresponds with the solution for a point explosion commencing at 

r > oy 4 ee: when the mass of gas set into motion by the shook wave 

exceeds the original masa of gas in the isothermal sphere by a factor of 10 
or mores 

The dependence of the meximm velocity head Q,— 5 put (>, 48 the 
density of the gas at the shook front and u, is tte velocity) on the 


dimensionless distance 4: 1s shown in Fig, 215 (for a point explosion). 
Figure 215. Dependence of maximum velocity head on dimensionless distance. 
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The dependence of «;' on ‘; within the range Anj> G1 atm is welle 
' “he 
described by the empirical forma ‘ 


, 4 
4 0,30A, ? =a 3, 
He OBO 8 3.65 (84. 44) 


The change in pressure behind the shook frent at different relative distances 
is shown in, Pg 214 The peoked lines show the change in pressure as a 
funotion of the coordinates and the mucbers beside the peaks of the curves 
show the time after explosion in the dimensionless unite eel, 
The dimensionless distance B, is related to the distances; we to the 
shock front by the relationship 

na gty 


or 


("= V) 2th = 215+ 107" Ry V Fem: 


The envelope drawn through the vertices of the broken jcurves gives 
the dependence of the pressure at the shook front on the dimensionless 
distance R, ° 

Fig. 215 shows the dependence of the time of action of the compression 
end rarefaction phesee (curves 2 and 2 respectively) of the ahoak wave on 
@istance(in dimensionless units). 

Pigure 215 « Dependence of time of action of the ocupresasion and 
Yarefaction phases of the shock wave én dimensionless 7 


For shock waves from normal explosives, accordin:, to Sadovskli,' the time of 
aotion of the compression phase is equal to 
tes 15+ 10° Ve VAp 
°c 


where q is the weight of the charge But nay 2, og te a 


¢ 


ye 


where E is the energy of explosive charge 3 th 


and qs 5 é 
4 27°10 
specific energy is assumed to be equal to 1000 koal/keg = 4_ 27° + 20° vo/ta(t, 


After substitution we obtain 
t= 0,26V in 
Comparison of data with respect to time of action of the shock wave shows that 
the time of aotion of the compression phase for a point explosion, just as for 
& normal explosion, is deseribed by the same laws; i.e the time of action is 
proportional to Mi" , 
The time of action of the rarefaction phase is practically independent 


of distances ; 


cn 122 a 


t = 4.25 Vieq aes’ 


Fig, 216 shows the change of pressure with time at different distances, 
characterising the overpressure at the shoak front (x is the time of action of 
the compression phase, where 0 << ¢< *) e 


ADE 


Figure 216 » Change of pressure with time for shock waves of different 


intensity (at different distandes from the exploaim centre). 


The relationship ae) oan be expressed by the empirical forma 
1 a 


if Apz< | ata, then ao 4 Apis 
Yor shock waves with 1 atm <47;< 5 atm, 


ae - t . 
aa zt dp [l1—0.13+0.20dp,) 5]. 
A very similar relationship is also established for the veloolty head : 


where for waves with Ap; <j. atm, bm 75 + 5 2An.. 

It should be noted that in the region where the atmospherio pressure 
oan be negleoted in comparison with the pressure at the shock front, mimerioal 
solution gives results practically identical with the analytical solution of 
the problem for a strong point explosion, according to SYSROV and SUAMFUKOVIOR, 
This holds goog for the region where Ai < 0.2. 
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What has been said is verified in Fig, 217, where the continuous 
curves show the variation of the gas paremeters behind a eimilarity solution 
type of shook front, and the peaked curves show the same for a point explo~ 
sion, taking into account the oounter-pressure (for two time intervals). 

For the mumerioal solution of the problem of a point explosion it has 
‘been assumed that the gas set into motion 1s ideal. This is valid if 
4p, <10 atm, as applied to air. 

Sinoe the mass of air compressed by the shook wave up to a pressure of 

Ap> 10 atm amounts ‘to only 9% of the mass of air compressed by the wave 
up to Ao> 1 atm, then the soldtion is valid with sufficient aomiracy for 
air in the region where 49;< 10 atm In the region where Ap, > 10 atm, 
it 18 necessary to take into acoount the none-ideality of aire’ No acoount is 
taken in the solution of the transfer of explosion energy by radiation, which 
for very powerful explosions may be of considerable magnitude. Also, ionisaton 
and dissociation processes are not taken into account, but these are signifi- 
cant only in the region olose to the explosion focus. 

Up to now we have oonaidered the divergent shook waves which are formed 
by expansion of the detonation products, Now we shall oonsider a strong 
spherical shook wave travelling towards the centre of asymmetry, and we ahall 
assue that the medium in which ‘the wave 10 propagated obeys the equation 
of polytropy 

pv’ =conat. ‘ (84, 45) 

The theory of this motion has been developed by LANDA and GPANYUKOVICH 
in 1044, In order to study the properties of a shoak wave converging from 
infinity towards 4 centre of symmetry; the results of the theory of a point 
explosion wan be used, since the motion of the’ aimlar wave will be that of 
a similarity solution. 
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Figure 217. Distribution of gas parameters behind a shook front 
(similarity and non-sindlerity solution) for two 


time intervals, 


73/ 


The equations and the initial conditions at the wave front are the same 
as in the problem of a strong shock wave divergent from the centre of symmetry. 
Our problem has been stated up to now as being equivalent to the problem 
of a strong shock wave diverging fram the centre of. symmetry. However, the region 
of existenoe of a solution in the latter case ia: defined as O 265 , since 


for the given t = +t r varios from rear; to re=0. In thie oase of 


o.! 
the divergent weve the parameter a, 1a determined from the Law of Consexvatias 


of Inergy and can be féund from the relationship ‘a= 73". 


In the problem being considered, when the motion of the wave is also that 
of a similarity solution but the wave moves towards the centre fran infinity, 
the région of existence of a solution is determined as 24<.7< 00.'. The value 
of the parameter a cannot yet be determined from the Law of Conservation of 
Energy, since the total energy of the simiier wave is infinite. It should be 
detexmined aS a result of other considerations. % should also be other than in 
the oase of the divergent wave. . 

In order to simplify future ocaloulations, the convergent wave oan be cone 
sidered as a divergent wave by replacing + with -t and uw with —u, 1.6. as 
if the motion of the wave were reveraed. 

First of all we shall see if a aolution exists within the range 2 q7< 00! . 
for this —m< &< 0. Sinoe the velocity behind the shook front should fall 
(or, din any case 4t should not increass}, then by considering the process for any 
fized instant of time + = tos the oonolusion can be drawn that emu falls 
behind the front and for sr-—>co , ‘420; 3 thus Le remains finite. Consequently, 
‘4. should be determined within the range 0< XM » and the value of the 


derivative is 2U5.<0 0 (for a divergent wave “> O ). Substi- | 


tuting in equation (84.10) ,the value of’% andy at the point ((%. y,),). we @hall 


have . diny | a _ 


—_— 1 ' 
ding yl dx TPT _ (71) _. 
dx - [art + WN ya, + 4a,— 307 + 1)) 


: (Wirt at! (84.46) 
Hence it fulYows that if 
O, (47 + 2Ny +4) --3 (7 +3)> 0,’ (84.47) 
then ) 
“<0 


he condition of (84.47) determines a certain finite velue for the para- 
meter a. By taking into consideration the inequality (84.47) the unknown - 
solution actually exists. The value of the derivative should ohange monotonically, 
since change of its sign would be evidence of the fact that ¢ 4s amiltiple 
funotion of ,2: or that-u is a miltiple funotion of” —_ f » end the latter is 
exolude@ by physical considerations. Consequently, it is necessary that in 
equations (84.46) or (64.10) the numeratore and denominators of the fractions . 
should vanish gimitaneously.We require that the expressiona 

aR Ty met [2G 1) FW +1) 14] x (Ie) (a Ha), 

Should vanish simultaneously ; then 


! 4 VER WED TE a= a ay 
WN (64.48) 


- T 


The roots of a 


Zee Atl NE boat? <a) 
— VierWEp—1+2 c= 3))* — BN ya; (1 — 4y)_ 
1 oa 


xa 


end 


do not satisfy the unknown solttion, since by this the values of a; are 
obtained less than the limiting value, which follows fran equation (84.47). 
Por %— a, “y=0: ths wave is divergent. In this oase the inequality (84.47) 


is not maintained and ant >0. 
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If the solution of equation (84.10) is written in the form 


F (xy y a1) = 04) 


‘ 


( e is the integration constant), then it is required that the line (84.48) 
passes through the points '% i, end = Su Ny « Hanoe it follows that since 
HG) end -R, ¥.  aFe An ensonce fmotions of aj, then we osn write 
Filajemen Plajmics 

whence | ‘ 7 
F(a) = F(a), 
which also determines. unambiguously the value of .a, Equation (84010) has no 
analytical: solution which will satisfy the conditions posed, and therefore the 
value of a: mat be determined mimericaliy. However, an approximate value of ‘a . 
can be found by supposing that the expressions 

- aay, [Pla — +2 (N41) 4) — x(t — 2) (a2) 


er a INT llamo y 


venish simiitaneously. Henoe 


~ (ay x) 
; = “WqSnFE yn ; 
AUG—berein ee MaMa) 
—2(N—1) = 4 (1 1)(N-+ 1) 0, 


(84.49) 
We note also thet the radicand expression in (84.48) should be greater 
than zero, otherwise the roots of X will be imarinary, The ‘other epproxizate 
value for ‘a. determined from the sonditiona of inequality ‘of the roots of x 
and rs » Bhowld also satisfy the conditions of the problem. We shall determine 


this value, Let the radicand expression in (84.48) be equal to zero; then 


2a) —1-+ aN 1) VENT ae 


Henoe 


lai (7 (N+ 1) —2]?-+ 87} _ 
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(84.50) 


One of the values of a, agrees approximately with the value determined by 
formila (64,49) ; the other, olose to zero, does not satisfy the conditions 
of the problem, - 

In order to solve equation (8410) it is essential to kmow the value of 
2, As shown by analysis, 4: is determined almoat exactly by relationship 
(8450), based on cur calculations: 

Let us see what values are assumed by c, for various valuea of N and ii. 
Analysis and calculation show respectively that for 1;=1a =1 for 
Na 0,1, 23 for 1+ (inoompressible liquid) a.m 1lforNmO, a m2 
for Nw land ai -2 fom N = 2, For a epherioal shoak wave (N = 2), con- 
sideration of which presenta the greatest interest, the values of a, for 

taZ and Ta 5 have been calowlated, as a result of which a was found 
to be equal to 0,717 end 0, 638 respectively, 

In order to completely explain the properties of the phenomenon, the 
solution mst be analysed in the vicinity of the point | = 0, which corres 
ponda to an infinite distance from the centre for r; >0 and to any finite 
distance from the centre for 7; = 0, 4 0 when the wave has reached the centre 


For this, 20% + co, x~ =, y~—y=0 and equation (8410) in 


the vicinity of the point +:=0,4=0 asmimes the form 

dx x dz z 

dy 29! de (84, 51) 
Tsse expressions are optained 1f terms of the second and higher orders are 
neglected in equation (8410), i.e tHe terma 21, xy amd. y~ x3, 


It follows naturally from these relationships that y~x? and e~, 


x 


The second equation of (84,10) in this case assumes the form 


—ing=ino=inay + woe = const. (84.52) 


We obtain (84,52) after substituting the value of/x as a funotion of - in 
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the second equation of (8410), from the relationship 


Hence, p= py, 2 CONSt, YRin = const »,p ® Pin * const, sinoe 


(N41) 
az 


We note that the velooity u is negative everywhere after substitution of 


‘Ino= ina, + 


tt £7 
const, p= oye ~pe, Urakmmt 


t.by —fand of u by —de 
The limiting values of density, velocity end pressure may be found only 
by a mumerical method, At the front 


= aa 348(a,=1) 
PHP BRP BE | 


ieee, 
pr eonn Sp, (84. 53) 
otk 
b~r mp F, (84, 54) 
where 


= 2(1 — a) ] 
b “a 


For. a spherical wave, the value= of the parameterm 6: and of the 
aimiting density Asam, 088 be given in a table, 


The results of calculations describing the nature of propagation of a. 


spherical convergent detonation wave for .1.— 3 are shown in Mgs, 218 = 220, 
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Figure 21.8, Distrivation of pr-:ceters ‘behind the front of a spherical 


convergent detonation wave. 


The considerations developed here concerning the properties of a strong 
convergent wave oan be applied successfully to the study of convergent 
detonation woves. The entropy at the front of the similarity solution wave 
dnoreases, the pressure also inoreases, being subject te the lew which we have 
established for convergent shook waves. 4 

The distribution of parameters behind the front of a detonation wave 
will be somewhat different from the case of a shock wave. 

AS @ result of our uuvestigations,the conclusion may be drawn that the 
pbhessure at the front of a shock wave converging towards the oentre of sym 
metry inoreases approximately inversely proportionally with the distance from 
the oentre (pw) « Therefore, for convergent shook waves, end even moreso 
for detonation waves, the pressure in regions olose to the centre of symmetry 


may attain enormousm magnitudes ( of the order of milliona of kg/cm? ), 


Figure 219. Variation of pressure behind the front of a convergent 
detonation wave at different instants of time. 
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Figure 220, Variation of valooity bebind the front of a spherioal 


convergent wave ot different instants of tins 
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For oylindrical wave6B, p~ at thus, the pressure along the axis of 
symmetry may also be considerab. o 

Conformance to the laws as stated enables one to draw the conclusion 
that in convergent waves the energy will be concentrated everywhere in 
smaller and smaller volumes according to the degree of convergence, i.e: the 
energy density will inoreese, These considerations have an important signifi= 
cance for the basis and establishment of the special features of the process 


of cumilation and of certain similar prooesses. . 
§ 85. <A Spherical Explosion, 


The study of the one-dimensional dispersion of detonation products 
and the resulting shock waves has enabled a muuber of laws of motion to be 
established, whioh we shell apply here, 

We now pass on to the study of the dispersion of the explosion products 
from a spherical charge in air, The explosion of a long cylindrical charge 
can be stidied by similar methods and we shall not dwell. separately on thiss 
We shall present only the principal results at the end of this seotion for 
determining the pressures and impulses resulting from the explosion of a 
oylindrioal charge. 

We shall give here a few approximate analytical results for a spherical 
Charge, and we shall now show that the explosion field resulting from a real 
detonation of a spherical charge can always be substituted by the explosion 
field of a spherical charge, assuming that it was detonated instantaneously 
Just as in the case of a oneé=dimengsional detonation 

Actually, we shall consider the first phase of dispersion of the 


explosion products for a real spherical detonation, It is obvious, first of 
all, that the pressure in the explosion products will fall more rapidly then © 


739 


in the shook wave, since the isentropy index for the explosion products is 
considerably greater than for air, and this also leads to a repid fall of 
pressure in tha explosion products as a result of theix expansion. Now,. in 
the case of a one-dimensional explosion after several interactions of the 
reflected rarefaction wave, a compression wave originatod whioh travelled 

in the opposite direction from the gas flow As a result of explosion of a 
spherical charge, a similar compreasion wave is formed . 
immediately after impact of the explosion products on the air, i.e, immedi- 
ately after generation of the shook wave. Further, this compression wave 
travelling contrary to the gas flow from the explosion produots and passing 
through a region of sharply-falling pressure may become a shock wave. Somehow 
or other “his compression wave(or shook wave) begins to smooth out the pressure 
in the explosion products, The shook wave will travel, experiencing every- 
where less and less inpact pressure on the part of the explosion produota, 

4t a distance of about 10m, theexplosion produots will be almost stationary 
and they will give up practically all their energy to the air (to the shook 
wave ), since the interactions between the wave itself will amocth out the 
pressure gradients in the explosion pre uota . 

The same pioture will be presented elso for the hypothesis of an inatan- 
taneous detonation, 

Tm the onc-dinsisiviial case, the smoothing out of the field of a real 
detons*ion and its approximation to the oase of an instantaieous detonation 
takes place at a distance of about 20r, » Whioh corresponds to 20 initial 
volumes of explosive. For a spherioal explosion this will correspond to 
approximately Sr, , i.e, it may be supposed that smoothing out of the field 
in the oase of a real detonation takes place efter the rarefaction Wave, 


which is formed by the commencement of Gispersion at the surface of the 
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explosive, arrives at the oentre of the charge, is"reflected"from it and 
then reaches the boundary of separation between tha explosion products and . 
the shock wave, which actually cocurs et a distance of about 5 = oe y dees! 
considerably cloeer than for the complete expansion of the explosion products. 

-We have shown above that about 90% of the energy of the explosion pro- 
Guots is transferred to the air. However, the energy of the air moving forward 
(from the centre of the explosion) is, as measurements show, less than this 
value and it amounts to 60 = 7o% of the total explosion energy. This is ex- 
plained by the fact that the process of expansion of the explosion produata 
is nonestatdonary and the boundary of separation between the explosion pro~ 
d@uots and the shook wave causes oscillations about the equilibrium position 
(when a pressure of /p = 9,). is established in the explosion products). About 
20 = 25% of the explosion energy is involved in these oscillatory movements, 
Therefore, from the boundary of separation between the explosion produots 
and the air not only one wave radiates, but a series of extremely rapidly 
demping shoal waves i apparently it is still essentially a second pulsation, 
sinoe the wave originating from a third pulsation will be so weak that i+ will 
be practically similar to an ordinary sound wave). Therefore in the iNrat...- 
shock wave travelling forward, not 90% of the total explosion energy is trans- 
formed, bit 25 = 20% leas, 1.¢.° the shock wave will contain 65 = 70% of the 
total explosion energy. : 

Let us establish: how the averaye pressure in the shook wave, the pressure 


at the shock front and in the explosion products will tary at different dis- 
tances from the source of the explosion 


In order to study the pressure profile of a spherical explosion we shall 
use a hypothetical instantaneous detonation, as we agreed above, At a distance 


of r> (3< 4)rq ‘this pressure profile conforms with the pressure profile 


Veta 


for a real detonation, 
We note that for a real detonation , at the instant of formation of 


the shock wave the initial pressure at the shook front is greater than in the 
case of an instantaneous detonation, but tho rate of fall of pressure with 
distance is greater for a real detonation, which leads to equalisation of 
pressure for both oases at distances of (5 - 4)r, approximately. 
Glose to the Site of the explosion the mass of air engulfed by the 
shock wave is 
M= Fm (i—A) =F me, TET ap. (26.2) 


hence it follows that 
M,= xp, LE+ (rt — rt, (85, 2) 


where r is the distance from the centre of the explosion to the boundary 
of separation and Yr, ds the distance from the centre of the explosion to 
the shock front, The Law of Conservation of Momentum oan be written in the 
forn 

<P 3s (p,— 7) (85, 5) 
Where s=4nr? ia the surface area of the boundary of separation and ~ii7 


is its velocity, 


Sinoe 
p=p (=) 
a, ‘Ver, (85.4) 
hated 
fin the vicinity of the alte of the explosion 
nbomey, 
= poD? - apy 
where (p,= a: and “= Pt is the average pressure and average 


velooity of sound in, the explosion products for instentaneous datonation; 


then relationahip (85.5) (negleoting the quantity P, Which is small in 


Tye 


comparison with Py ) assumes the form 


a) -—u,) a 
Alar ra)} =< ant & (ea) 2 6, a) 


Pa Ay 


since — pa (9 is the density of the explosive charge). Hence, 


dh 
ey u, de 2 ?P (¢;—4,) . 
—a (ni A) a TT ane tt (85, 5) 


du dr? 
OY nay, nd ap ty Ms Gr + = Bityr, 
we arrive at the relationsnaip — 


May Boe 2 m(i 2) 
7 3, ar (t+ 1) Ps w/t 


whence “~ % ey eo | 
My diy 
a(i—ri cc 
in) <t_tt rw) 3 
n—" 2 (i _ HL 
Tat +0), A Fa (85, 6} 


the solution of this equation for the condition that for rer, then u=ur 
does not present difficulty. Here “ais the initial velooity with whioh the 
products of the instantaneous detonation ascape into the air. The value of Us 


is determined from the ralationship - 
2 fo fy Me Me 
3GFD z, a. (85. 7) 


If we write the general solution of equation (85.6) in the form 


parr) “GJ ody 
f “Aan N\A aio? (85, 8) 


where 9 
ws HL = Po om 
var = set Meme 
then it follows from thia solution that the velooity and preasure falls 
rapidly with distance, spproxlnately according to the law 


uy (ay £. a (0) (e5, 3) 
At pn f 8 
ug A) Pa a 
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These relationships are valid only at the very beginning of the motion. Lator 
the explosion products no longer obey the law of Asentwep; yop: AR: » since 
the pressure falls considerably below 1000 ~ 500 ke en As a result of this it 
is necessary to use the equation for general, saentropy ps Aygt , where 

t= Z tol kor the detongtion products). 

However » instead of combining the tyo solutions ‘evaluating ‘the Anterrel 
of the momentum in the tn zones, the approximate relationship lat gay C= = et. 
should not ‘be used(which is satisfied accurately only for one-dimensional motion) 
but it mist be assumed that since the density falls es x” yen tho pressure 


falls as rt, where Le S up to r= 2r, and then ts: $ « Equation, (85.8) 


then assumes the form 


clears a (2) Zateree(2) " | 
- : 
| 


(@e de the initial seoumiee at the boundary of sepiratdiny end this immediately 


gives . 
| dui Pa n a+) 
ja tara)? (it) (85.10) 
‘ fo. Ps ve : : 


Hence for initial conditions as specified ebove 


—1 ‘ 
ula A((s yey , (85.11) 
where the constant of integration me 
_ —1p, 
. Amie 279, 
Pinelly we obtein : acer a cee 
3 ar ,6 a] sm hit Bly) 7 8 oR 
was?) +E 7) ~(#)](@) ‘ (85.12) 


which at small distai.ces gives w~ > and at rela"ively lerge diatences gives 
. -.° 


We note once s,-ain that we are determining here the law o7 motion of the 
: boundexsy of separation. 


Ye shall now pess on to establisning some of the laws of motion of tn, 


Vita 


shock front. For this murpose we snell considey the total onergy balence for 
the propssetcd shock wave. We shall introduce the eoacept of average “brelcding" 
pressure p,. Assuming thet 011 the cnergy of the shock wave at any instant of 
time is potential enersy (the oir in the shock wave is “breked'), this pressure 
P» cen be determined from the reletionship 


| 
| Es= pein, | 


a 7 


(85.23) 
whore Z, is the energy of the ‘shock wavo, iy is tho distance of its loading 
edge from the explosion centre, ead ry is the distance from the explosion centre 
to the boundary of separation. Obviously, the energy of the shock wave is cane 
pounded from the energy tronsferred to it by the detonation products ( Boi ) 


and the intrinsic initial energ: of the air (Ege ). These energies are determined 


from the relationships - . —- 


i Pp ro 8m ty 
Ey aif" |- E[i—(2) "J, (85.14) 
where'p, is ‘average ‘pressure in the explosion products, . 
. . 4 to. 
Ep rr0¢0Q 
where E, 15 the energy ‘of the explosive cherte (Q is the specific energy of 


the explosive ) ; 


wee _— = 
Eazy $ a(hon)bey (85.15) 

whence tem - 7 - 

2 (7-1) 
E, ~ Ae —daf — (2) ™ l+ tiene 
or ‘ ~ TOTS Re ne TY ee val. 
3 (r-1) 

(1-1) 2; f1— (22) | n ry\8 a= fan \ 
pe = — 1)@,9 ——— 1 1 —{22 85.16 
BoE aaay TT geal)” [ta geg Cot) 


This relationship is valia until . tote2 expension of the detonation products has 
taken place, i.e. up to ry = ar, = (10-12) r,. After this the energy of the 
shock wave will be determined approximately by the relotionship _ 


Ey mm E(lmart-t) +4 (Aes, 1 (85.27) 


DSS 


waich follows from.the “condition that 


i j Phim (2 y on) gen 

' |B ar, . “ 

The explosion products will no loner give up energy, and the portdon of tho air 
behind tho tail end of tao shook front will be braked, possessing the initiel 


enerzy density for, p = . Fron equations ( (85. +18) and (85. 17) We_heve 
; a. 


os 


— — 


on ne =(1— “Dada glinetieay (85.18) 
for n> 10%o. — a 

For firture calculations it is now necessary for us to know the value of 
rp for ry ‘a ax, ; wo shell assume meanwhile that rp, a Pry e We shall estab- 
lish the relationship between the potential and Kinetic energies in the shook 
WANVO « 

Jince the pressure in the oxplosion produota falls more rapidly than aR 
the shock wave, then the rarefaction wave whiols follows at the rear along with ~ 
the shock wave compels it to assume such a shepe that the pressure and velocity 
‘in the leading portion of the shoo!: wave becomes greater than at the reer. 
assuming to a first epproximation thet the pressure (and density) and velonity 
in tho shock wave are determined linearly slong the x - axis for any fixed ine 


stant of time, ind that. 


Es bs marty: $eQ-A+ Ey (85.48) 
whore E }. is the idinetio. energy in tha ‘shock wave t * aofines the average 
pressure (not the braking pressure) of the shock wave, p;; \a the pressure . ; 


at the shook front. Since —_— een 


then the average value ot’ pu’! is pat (for ¢ a * near distribution of 6), and 


4u with respect to r ). Therefore | 
eo : 
Ey asap nam, 
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Subatituting the value found for Be k in’ (85.19) and comparing the expression 
obtained with (85. 15) we obtain 
pat 
ais T7 +> ; (85.20) 
where py and x, are the’ density and velocity’ at the shock front. ifor a atrong 


shock wave (up to ry 10r ° we shell have the following relationships : 


; Bem eTMDs nme nag 
thererore ; a oe nnn 
rt agp Dh =F ccae wz (85.21) 
Since D, a ae , then from relationships (85.2 22) end (05. 16), neglecting p, in 
comperison with RP, » we obtein , - —— 
P= srp(a) = — Dad 423 (3) ~ (85.22) 


Knowing the Lair of motion of the tail edge of the shook front (tho boundary of 

seporation between tho explosion proiucts and the shock weve ) ana solving 

equaticn (85.22) for the condition that ry = r, for t= 0, the lav of motion 

of ita leading ed7ze can be determined. Assuming, on the basis of (85.12) that 
ty 


4=— } es tb “7° 
ap ta 7a 


we find that 
Asef + 3u, tr. (85.23) 
On the basis of equation: (85,22) it oar be assumed for an approxinete satimation 


that 


gv TSR 


op, 
whence we find that ee — 
s— | 
‘fre i+) he 0 tr tt. (85.24) . 


#or x, = 10r, we have, on the besia of equation 2 (85.25) 


or sinoe 
Ug m 4000 n/sco a 40 10° cn/seo, 
then {= _"a_ seo, so that for a typical explosive (Q =.1 koal/g end 


1200 
po. 1.6 g/m ) we obtain 72" "1 ~.10 .! Mus, wo have arrived at the well- 


o 


Xmown experimental fact by very rough calculations that the length of the 
shock wave to the instant of oeasation of motion of the explosion products, 
i.e. to the instant of its so-called breakaway from the explosion produots, is 
epproximately equal to l0r,. Actually, it is evident that this value may vary 
frpm  10r, to 15x. 


cr 


By length of the shook wave we understand the quantity A m= Ty = Fy We 
shall now determine the pressure at the shook front at the instant of breakaway 
from the explosion prodicts . For this purpose we shall write the relationship 
(85, 22) in the form 

' 3 (7-1) 
Pe P= 5 (P= DQ as = ['-(a) |. (88625) 


This relationshi also defines the prossure at the shook front for r,"< 10r,, 
i.e for rg < 20r, - 25r, 

An approximate relationship between vy and %y. oan be found from 
(85,25) and (85.24) by eliminating { and negleoting the quantity zr? 


(2)'=(2))- $m (i) 


or 


For x, = l0r,, ry 5 20r, , we determine from (85.24) that 
PoP «4 ka/ en. This means that at those distances the wave is already 


Weak, Vor the assumption made above, the rate of fall of pressure should be 
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retarded, Tr'- in fact actually occurs, 
The v.uocity of motion of the taii end of the shock front becomes 


approximately equal to the velocity of sound <1‘; and the velocity of the 


leading edge of the shock front is equal to % + » therefore the 
length of the shu wave as a result of its further motion is changed only 


slightly and proportional to In 72. 


*o 


The relationship for determining BR thus assumes the form 


a 
Pom PTE QS, (85. 26) 
. : 8 


aince 


r—ri= (rh are)§ — wary 
where a=10~-15 « Later the relationship between B ana Po is altered, 


Aotually, since 
: Pi— Dn — 
Py Pye + 15+ put, 


then approximately Py Pa nin fs , , 


24-1 7% 
‘p= Me Pm ZI Qe (65, 27) 


- If at the start of motion for a strong wave 
%_ M 


Ayana 


ye (85, 28) 


where q=]—a7*-), 


Where M 4s the mass of the explosive charge, then we now have 
a Es 
apm ~ Me . (85, 29) 


3 7°" 
fs : 


Relationship (85,27) shows that the rate of fall of pressure is actually 


retar*sd for Tg ‘> Or . 
° 


WF 


Let us express the pressure in terms of the shook wave velocity. Sinoe 


re 


. A; _ 


2p, ° 
P= ety (DE — et), 
T—1 p% 4 
ree a (85. 80) 


De =at 


According as how the spherical shock wave is propagated, a rerefaction 
originates behind the wave, and the pressure becomes lesa than atmospherio; 
the preasure variations in the wave are observed to be of the type of pressure 
Variations in a normal sound wave. 

Consequently; within the limit ( at a distance of about 50 - 40r, approx~ 
mately) the average energy denaity ju “he shook wave will be determined, as 
before, by the relationship 

F = 5004s 


The expression for this energy in terms of Ap, ‘1a mdified end takes 


the form (ap,)? 
-8, =e. 
* tata (85, 51) 
in the limit 
— 
Ap, = robe a (85, 52) 
that is , 
’ i 
ry M® 85, 83 
MP ie (2585) 


The development here of the general considerations may be made considerably 
more preoise, but we have limited ourselves here only to the basic physical 
picture of shock wave propagation, Below we shall examine the question of 
the impulses aoting as a result of a Spherioal explosion, and we shell see 
thut this problem 4s solved quite acourately on the basis of the element~xy 


relationships, 


In accordance with the theory of detonotion, for an impulse flux 


Isa. 


passing through unit area at a distance equal to the radius of the oharge is 


. 16 VME ME 
| ima a (85.54) 


where ExuMQ is the total explosion anergy. 

It ig wellekmown from mechanios that for a given energy; the momentum 
or impulse flux inoreases proportionally with the square root of the mass set 
into motion Consequently, the flux of an impulse passing through unit area at 
a distance r from tho charge, since air ia set into motion, is dutermined 


by the relationship | 
we ¥ BOERS (86, 36) 


i= wae ’ 
Where Mis the mééé Of aix set into motion, 


Since EuakQa a s Where D 4a the detonation velooity; then 


For this it is asauued “that the available (écoe) energy is conserved, 
since on the average the loss of free caergy by the irreversible process of 
shoak front formation are almost exactly conpensated by the intrinsio energy 
of the air set into motion hy the shook wave, 

Sinoe at distances of r <10 = 15x, 


My = + np, (r* — ri), M= + aperi, 


Me yy fe A Vet ple, 
i+ Gpe tte (ao!) = ta 
end here the quantity 3 oan always be negieoted as small compared with 


unity (t= pr): _, « Therefore at these distances 


. e . ry TT 
oe ier. (85, 87) 


At distences greater than 10 - lary = ar, y the shook Wave, as we have already 


P57 


shown "breaks away" from the explosion products (strictly speaking the 


explosion products break away from the shook wave) ; os a result of this 
; : 
M.= 7 TPs [- _ (r _ ars)| az 4nparyr? == 4np,cr) (ZY ' 


Therefore 


Lata SE (ey 


and relationship (85.56) takes the form 


. Bye 
= tar BV 14h (2h +> (=) , (85 38) 
Within the limit, for large values of = => 40 = 50 , we obtein 
“9 
MD Pafr\? MD y/o fe 
jee fl Vaal ( (2) = fo Bare (85, 59) 


Assuming that for typioal explosives D = 7200 w/secs. ps 11466 g/em® 2 


Q a 12, then 
$e me rpay 1 3a om ay 


and relationships a (05 87); (86 58) and (85.59) in the 0.6.5. system assume 
the form 


10072’ (85. 40) 


in the 4.K.S. system we shall have 


M TF 
(=855 1/1 + ams 
hy eyes (85,41). 
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As a result of reflection of the shook wave and of the explosion products 
from any obstacle, the pressures and impulses increase. In this case, the 
values for the impulses and average pressures should be miltiplied by the 
quantity ¢,,,; where for a very extensive obstacle ¢» = 2 
We ahall now derive the basio laws of propagation of cylindrical waves 
"In the vicinity " of the charge, up to rv (350 = 50)r, 


MQ 2MD_ /~—p, - 
P~ oe: ‘=m 1+28, | (85,42) 


where | is the length of the cylinder on which the-mass of the explosive 


t 


M fits, 
At distances lying within the interval (50 - 150)r, 


MQ M*Q 


pom —— = 


frre tr, ' 
2MD : 
= HEV abe, (88.43): 
where a= 650, 


At distances of around 200x, and greater 


mt 
>! 


' M 
PO Tir’ 
f 
= 3, oY the 
i= PPV 2 Po, (85,44) 


Finally, we note that the relationships determining the inpulses are 
verified experimentelly, not only with respeot to order of magni tade, but 
also in numerical coefficients with an accuracy of about 5 = 10% 

We note also that on the basis of comparison of the pressures and 
impulses, since 1 ‘(t 4s the time over which the shock wave acts) for 

‘or 


4 sphorioal wave /r <50v0 eka and for > 50ro t~ 2. for a oylindrical 
wave With r<100r, , ‘~T' and with > 100z, et 


TS 3. 


At present, no accurate theory of spherical and oylindrical explo- 
sions exists, although the construction of a similar theory ig possible 


thanks to the development of gas=-dynamio methods, 


Concerning the Relationship between the Impulses 
for transmitted and incident shock waves . 


The relationships obtained for the impulses resulting from an explosion 
are related to the case when the shook weve 1s refleoted normally from an 
obstacle, However, under aotual conditions of the effeot of an explosion, 
the shock wave may fall on an obstacle, in particular on a measuring instrument 
(impulsometer), through various angles. Obviously, the impulse felt by the _ 
obstacle may, depending on the angle of impact of the shock wave, be cqn-= 
siderably different from the impulse resulting from normal refleotion of a 
wave from the obstacle, 

A kmowledge of the relationship between the discernable impulse and 
the angle of impact of the shook wave is important for an acourxate estimation 
of the efficiency of action of an explosion on the basis of what has been 
shown, with various pasitions of the measuring instrumentdwith respeot to 
the shock front, , 

It is very difficult to carry out an acourate measurement of the 
impulse of a shock wave moving towards an obstacle at an angle 9 (the 
angle between the normal to the obstanle and the direction of propagation 


of the shook wave (Fig. 221). 


DIY 


Signe 22]. Approach of a shock wave to an obstacle, at ean anrle, 


An account is given below of a method for solving approximately the 
problem» as proposed by BAUM and STANYUKOVICH, Wa shell introduce the 
following symbols : 

ty is the specific impulse for %:¢ normally reflected shock wave 
from the obstacle (»=—0), 

i, is the specific impulse for the transiitted anoal: wave 
(glanoing parallel. with the obstacle } (e=$), . 

% is tho goecific iumulse for tho shock wave moving towards 
the obstacle at an angle 9. 

In determining 4 we shall assume approximately that te totel impulse 
of the shock wave is compounded fron tha imuiae /, ot the static prossure 
ana the impulse 4% of the mass of aim flow pé, moving with a velocity « 4. 

It is eysential co bear in mind that 

h=iesing (85, 45) 


and ig by cos’ 9, (85. 46) 


Relationshins (95.45) and (35,46) are obteined from the following 


753 


considerations, It is obvious that 
l, == f Ap dt, 
go that the timo of action of the shock wave as a result of its front moving 
parellel with the obstacle should be proportional to the length of the shock 
wave 4. » and in the case of its approaching the obstacle at an angle ? it 
is proportional to the projection of ¢ on the horizontal axis, Le it is 
proportional to sin @ (sce Fig, 221), By the length of the shock wave, we 
understand here the distance from the shock front to the rear limit (i.q@ to 
the place where the pressure in the wave * comes equal to atmospheric). 
Since the normal projection of the velocity u is proportional te cos 9 
‘to cos 9 , then the normal component of the impulse if proportional to cou* 9 
» which leads to relationship (85,46). 
We arrive finally at the relationship 
ty = ly + hin (cos? +6 sin @, (85, 47) 
where pea. 


The quantity * oan be represented in the form 


f Ap dl 


The introduction of the factor 2 snto the denomnator takes Into account thet 
for a normal reflection of the flow from the obstacle, the momentum is doubled. 
Since + s 
f Apdt—=Sp% f purat jars, 
o i) 
where Ap and pu). are the average values of Ap and pul at an interval of the 
length of the shock wave, then 


Ma 
9,2 * “ 
ou, 


ve shall assune that the velocity depends approxiiately linearly upon the 


= 


7S6 


distance, i.‘ that ua rf, (£). 


As a result of this the following relationships will be valid 
perp, parey(t),  * 


= Pi — Pity 


P= oy8? 


where p,» p, 9 ‘ua, are the values of P 5 p 4 and.4.at the shock frontHence it 


tha 
follows th: + 0, — (a+ 8) Py 
26, a ; 


t= 


Assuming that p,—(a+3)p,=Ap, we obtain 
APY 

4 
G=——, 


9 
The relationships for the shock front give | ' 


1fe—) , Fa 1 ht) 
peg [tel aa Tat | . 
(1 Z) (85.48) 
For a strong wave patel, » Which gives B= i. ‘for - ke « But i? 1% 


be taken into account that fox strong shool waves, as a consequence of the 


development of dissociation and ionisation processes, » andthe, » then 
ae 5 1 
we obtain k=7 and p=75- . 
Relationship (85.48) holds good up to a pressure of 4f,>/., for 


smaller pressures it is essential to take into account the region behind the 
‘ak— I 


4 
7 3 Which gives p=. 


shock wave, where este For a =1 we have §= 
for kas . For — n< 1 the wave fora is approximately sinusoidal, As a result 
of this fst > and foitar> » since in the region of Ap>0 
(Qu) (G47 Ag) a? » und in the region of Ap<0 , (pti4)_ == (p—Ap)u? ena 
(pu®), — (ou)? == 2 Asn” > 0, 
4s a result of this g-+0 . 
Mnsy with reduction of pressure at the shock front, the value of - 


inereases initially and then it falls again for 7 <! 


We note that, depending upon the form of distribution of the parane ters 


7S7 


fh, 


vehina the shock front, the valuc of — mey varye 
Tc can write, that for any gives distribution of (Pr Py Ma 
2p, uw!” : (85, 49) 
where 6 depends on the form of the éistribuvion, 

For a similarity solution wave, for examples. G2. If for a wave waich 
is not very strong Ap and u depend lincarly on r, > and ¢~—,. = const, then 
$= 3 etc, For any distribution of the paraaeters behind the shock front, a 
value of 3, can always be found for every real casc, and which is a solution 

to the problem set 
“The magnitude of the impulse, devermined by formula (85,47); has a 
weakly expressed maxicum Actually, assuming that 
ie == 3cos 9 —2cos gsing =0 
as ? 3 - r 


we find thac the angle o=o)=arcsin - 


xe) 86. Effect of Intrinsic Velocity of Forward Motion 


of the Charge on the Explosion 2fficiency 


Modern military technology is associated as a rule with the use of 
moving explosive sources, which posesss in tiny cases o large intrinsic 
forwerd velocity (around S000 r/sec and rove) , commensurate wiih the average 
velocity of dispersion of the detonation products, 

At these velocities the energy of. the moving explosive source increases 


considerably(by a factor of ‘xo of more) relative to its static cnerey, wich 


in its turn leads to a more or less considerable change of the expiosion Yicld 


che law of propagation of an explosion as a result of the sstocsticu of 
& Moving exolosive charge has teen studied by pOKROVSKTL and dude oo? ca 


#50 by Bach ana STANYUKUVICY 


she principal results of the investigation are presented below It is 


TSE 


obvious that if the exnlosive source is imving, then even for instantaneoug 
detonation of the charge, the explosion Tield will not be one-dimensional; 
the parameters of the explosion will be ‘changed, dependent on the angle ¢ 
between the ezcoificd direction and the velocity vector of motion of the 
charge. The maximim explosion effect will be in the direction of motion of 
the explosion source, All the relationships presonted below are given for 
this case 

We shail consider first of all the effect of explosion of a syherical 
charge in a vacuum 

The basic formilae defining the ratio of the fluxes (falling on unit 
area) of the mass, impulse and energy of the moving explosion source ‘(m, i, ra) 
to these same paranctors for o stationary explosion source (io, fo, €0): 


have the form 


zy (86,2) 


where. Uo is the intrinsic velocity of motion of the charge, .¢, 1s the average 
deduced velocity of sound in the detonation products (¢,~046D, ~~ where D-is 


the detonation velocity). 
The values of =, — and "+ are given in Deble 120 for different 


values of <*. 
i 


757 


Table 120 
Ratio of fluxes of mass, momentum and energy of a moving explosion 


source to the same parameters for the case of a stationary 


«3 | 


v/s 
49/9 


explosion source, 


j948/27 


For explosives of the hexogen type (Dax g000 n/seo, ¢12 5700 m/sec) 
for us = 5000 m/sec, 4 = 2455 ’ e = 5.5 5 ne 12.7 4 For up = 8000 m/sec 
n = 148 5 pa he ts 6.0» 

Wo shall show that for a cylindrical charge, the maximum value of the local 

effect of the explosion is found to be weaker tian Por a spherical charge, 
4s a result of an explosion in oiv, the initial pressure at the front 

of the shock wave oreated, for a moving charge, relative to the pressure for 

@ Stationary explosion source is determined by tho relationship 

a=(l+ge). (86, 2) 

where p, is tho initial pressure of the sock wave in oir for the moving 

explosion sources p,, is the initial pressure of tho shock wave in air for 

a stationary explosion source. 

Pa, E+ 9D, 


” 


where pa. is the density of the anbient air , acing: Pa = = Fy g/om, 


D, = 7200 n/sec, ie ’ Pa, = 800 ke/em* for. tin:= 5000 r/sec, we obtain 


‘@o 


iG: the initial pressure of the shook wave is increased approximately by a 


FES 


factor of to. 
We shall denot. the initial velocity of the air behind the shock front 
from a stationary explosion by us, and for a moving oharge by. 4@.: The ratio 


of these velocities is defined by the forma 


z=Vi+(6). 


(a6, 8) 
Por uo = 5000 m/sec and D = 7200 n/seo 5 a 1.42. 

The eix retards the flow of the detonation products, It can be showa 
from the Law of Conservation of Momentum that the velocity of motion of the 
oentre of gravity of the explosion products relative to diatance will vary 


according to tho lav 


tp 
” 1+ (ZY! (8604) 
where p, is the initial density of the explosive, fr is the density of 
the air heltha the shock front ato distance r from the centre of the ex- 
plosion, 4 is the velocity of motion of ths centre of gravity of the explo- 
sion products for the moving charge at a distance + , and wis the initial 
velooity of motion of the charge, 

For pm l0r, (;.) ew. ‘ 


a r\8 ey, - 
Por, r= 50ry (4) Py =~ 50. 


At greater distannes we obtain thy forma 


Ur _. fo (70)? 
is =f (2) . (86.5) 
For . 

r=20r, ae ape 


i.e. the intrinsic velocity of motion under real conditions becomes equal 
to several Iundreds' of metres per second 


The ratio of the energy of the aix in the shock wave to the total 


bf 


explosion energy for the moving oharge ia determined by the expression 

a2 (2) 

fr gt TT 20 ol * (36, 3) 
where ¢ ig the velocity of sound ahead of the shock front, Q-is the poten= 
tial energy of the explosive, F, is the energy of tho adr in the shock 
wave, £,'18 the total explosion energy. For a = Q = 427+ 108 rea/g> 

1 =< 2&8 550 nsec ond. r= 401, 


B, 
i 1.3. 


Thus, it cen be assumed that the equalising process of *he energy of 
the air is main.y sompleted for — r>40r » and we arrive at e practically 
uniform distribution of parameters in the shock wave relative to the centre 
of mass, Consequently; et large distanoes from the point of explosion (around 
40 = 50 end more) , in order to determine the shock wave parameters wo 


Oon use the limiting formiae 
. 2 


Comparing these expressions wit: the corresponding expressions for a statloary 


explesion, we oan write 


Pp ary 
gen 148. (86.7) 


For °. “9 2 Q(uy= 5000 n/seo ) at 4 and Fin 1.4, 

Since the dependence of J: and p on enerey is the same, then the radii 
of the destructive effects, estimatod either with respect to impulse or 
pressure, will inerease provortionslly with tho quantity Vis 
and the area will inerease proportionally with the quantity l+s5, | > 


Which, for yy=s'5000 m/sec gives a two-fold inorease in area and for 


WL 


uy = 5000 n/sec the inorease in area is yractically four-fold, Tais will 
occur at relatively large distances, when all the energy is more or less 
uniformly distributed throughout the entire volume ocoupied ty the shock 
WAVGs 

The following conclusions can be drawn from, an analysis of the relation. 
ships wo have vresentcd, 

In the case the explosion of a spherical charge at hign initial velo- 
cities (4=:3000 m/sec), the maxtmun ducrease of explosion effect in the 
immediate vicinity of the charge exaeeds by 5 = 10 times the effect of a 
stationary charge, However, the effect of the explosion, as a result o. this, 
{in the case of a low altitude explosion) will be; for the most pari, of a 
local nature (formation of a orater in the ground, eto). For a oylindrical 
charge, the mascinmun inorease of the local effeots of thé explosion is found 
to he weaker than for a syherical charge, 

At distances greater than £0 /o the excess ispulse and pressure for a 
moving explosion source will ‘be less significant (for uos 8000 m/seo it is 
about 25 = -'"% , which corresponds to ax inerease in the area of effect by 
a factor of 15-2), 


§ 87. Some Results of Experimental Inyesti gation of 


the Destructive Zitects of an Explosion 


Ths coStruvlive ef1 c+ *° as eclosion, detexmined by the total work 


— fb 3 
ore 4 Ve 


Clipe il proaneta, a6 manat. wd in a differen+ manner and at differ. 
on* distances from the source of the explocion depending upon the properties 
of the explosive, the charge weight and the uature of the medium in which the 


explosion takes place. 


The work capability(effioicncy) of an explosive, and the destructive 
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effect o2 the explosion ovsociated with it Cor approximately tho same conditions 
axe increased with licrcose of the potenticl onercy of the explosive end vith 
inevease os the specific svoluine of the gaseous ox losiion products. 

Por «iven properties of the explosive and the cherge weight, the renge 
of efficioacy of antion of the explosion also desenis to a well-lmowa extent 
on the geometrical shape of the charre and.on the nethod of its initiation. 

The work don? by the explosion products oan easily be detexmined theoreti- 
cally fran the assumption concerning the ise:tropic law for their exmansione 
In this cose we can write 

@A=—dE=—c, dT, (87.1) 


whence, bearing in mind that 


we obtain 


Relating the work Ato 1 ke of exclosive and assuming that: put= const, 


1-4 


ke 
Tv""' = const and TP = const, we finely have 


ne pet: 
efiAaer[i- Gy J- 
kot . 
ral) } 2 cong) 
were: ‘T, » %,, and p, are respectively the temoeratura, specific volume and 
prossure or the saseous products at the inste::t of explosion, and Ty Uy 
and pi aro the values of the sane yaremeters during the process oi expansion 
of the explosion products. 
The quantity ‘Fant, is the so-called "power" of the explosive, 
whero n- is the number of moles of gaseous explosion products formed as a 
result os the explosion of 1 kg of explosive. 


it ig obvious that the quantity F hos the dimensions of exerry. 


TY 


Aotually, 


Pit 
R= 273° 


whera po is the atmospheric pressure, Yo is the specifica volume of one mole of 


gas at NIP. If Po ds expressed in atmospheres and’ Vo in litres, then: F wil 


1. atm 
kg 
For unrestricted expansion. of the explosion products in the atmosphere 


be expressed in 


A= py T,= To n= % 


and 
‘A= As =/1Qy (87.5) 
where qi is the mechanical aquivolent of heat. 

The quantity Ags = /Q, is the potential energy of the explosive; it 
is usually taken to be a measure of the efficiency of an sxplosive. 

Relationship. (87.5) ia obtained on the assumption that the explosion pro- 
ducts consist entirely of gases. If, however, there are also solid and liquid 
substances in addition to the gases, then ‘Ans </Q,. .. In this case, in order 
to determine theoretically the value of’ Aga , the heat oxohange between tle 
gaseous and condensed explosion sroducts durins the process of their dispersion 
must be partioularly taker. into-account, sinoe their rate of cooling differs 
" significontly. Such a celculation presents considerable dic?icultiss. 

For an emlosion in a clesed volume (tor exanple in a steel or lead bom} 
or dn donse medium (e.g. water , earth) , the exchance of heat between the ex- 
plosion products may be quite complete. In the iatter case, the velocity of 
motion of the bounda:y of separation between the explosion produots and the 
medium is relatively small, which ensures adequate durotion of contact and 
Latera.ction between the gaseous and condensed explosion products and s more 


i 
complete conversion of the potential enersy of the explosive into mesheiiesl 


work of the explosion, 


Few . 


; As a result of the explosion in air ‘ot explosive cherges, brealtavay of 
the shock wave from the front of the detonation produots may, in a number of 
coses, occur earlier then the cxchange of heat between the condeised and 
gaseous perticuletes is completes , which will have as its consequence on 

~ inadequately complete conversion of the explosion energy.into a shock weve. 
However, ne possibility must not bo excluded as a result of this, of yortial 
oxidation of solid comoustible particles because of the oxygen in the air 
(for example, solid carbon formed by the explosion of trotyl). 

‘Le the explosive is represented by a hetorofeneous syatem (oxyliquite, 

a mixture of explosive with powered metals etc.), thon the explosive effect 
may be noticeably reduced depending on the conditions of the oxperiment and on 
the relationship between the sizes of tho solid perticles comprising the ex- 
plosive system and the diameter ot the charge itself. . 

It is well-lmom that the time of occurrence and the zone width of the 
crerical reaction at the front of a detonation wave increases according to the 
extent of reduction of the dezree of dispersivity of these particles. Conse= 
quently. as a rest of the prescuce of uucvicie.tly coorse porticles of an 
explosive system and the accomplishment or the explosion in oir, the chemical 
reaction, because of the rapid dispersion o> the reacting suibstences » is unable 
to be totally completed within the zone of effective action of the explosion 
products. This, as eaperiment shows, leads to an inadequately complete utili- 
sation of the energy of the explosive systom. If, however, the diameter of the 
charge is increases, then the ext wnt of completion of the rcaction increases 
and for a devinite ratiq of Scnorae( where dio ing is the diameter of the 
charge 1.4 aoe rt, 28 the mean atetSter of the particles) a sufficiently com- 
vlete conversion of enerzy of chemicol reaction into en explosion wave (up to 745) 


may be achieved in principle. This is confirmed by resulta of experiment. 


Ybb 


By exploding similar heterogeneous explosives nystema in a aQlosed volume 
(1ead bomb) or in dense media (water, earth), a fully completed reaction and 
efficient utilization of the explosive energy is achieved, just as one would 
expect, even under conditions for which quite small oharges are used, 

The energy losses may be dependent not only on an incomplete reaction 
between the components of the explosive system, but also on the partial 
scattering -. and incompleteness of reaction partioularly of the surface layers 
of the . xplosive charge, which also sppears as a shock wave of weakened inten- 
sity. A similar phenomenon is observed in using non-homogeneous as well as 


homogeneous explosives, 


Figure 222, lead Boub, 


It follows from Khariton's principle that the energy loages inorease 
for approximant ely equal conditiona with inorease of the limiting diemeter of - 
the charges 

According to data ‘sy SADOVSKII, for charges of aumatol 40/60 with a 
weight of 25 kg, the losses may attain 58%, but for a weight of 500 kg the 
losses are 13%. For charges of THA,the limiting diemeter of which is onal, 


the energy losses are very insignificant, With inorease of charge weight the 
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the energy losses are reduced, The charge casing also exerts a similar 
influence, However, in the latter case the conversion of energy into the 
shock wave is also reduoed, sinoe part of the potential energy of the explo- 
sive oharge is converted into kinetio energy of the fragments, For small 
filing coefficients the fragments receive up to 79 of the explosion energy. 

In order to evaluate practically the efficiency of an explosive under 
laboratory conditions, the so-called lead bomb expansion test is usually used, 
It consists in the following, 410 gm batch of explosive ia detonated by 
means of a detonator o.. in a cylindrical channel in a massive lead block 
(Fig, 222a), made of pure lead, As a result of the explosion, the channel of 
the bomb 4s dilated (Fig, 222b) end the inorease of its volume serves as a 
oharaoteristic of the efficiency of the explosives 

The diameter and height of the bomb are 20 oma; the diameter of the bomb 
channel is 2,5 om, with a depth of 12.5 om, and has a volume of 61 - 62 an”, 
The benb weighs about 70 keg, ‘ 

In order to analyse the results of .xperimente one mist teke into com 
sideration 1) the deviation of the bomb temperature from 15°C , for which a 
diagram can be used to determine this correction (Fig, 228) ; 

Figire 325 Temperature correstion (per cent) for lead bombs, 


2) the capsule effect 9 i,¢@ dilation of the bomb channel due to the explosion 


of the detonator cap itself ; 5) absence of strict proportionality between the 


effiolency of the explosive and the dilation of tho bomb chennel, as a 
i } 
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consequence of the reduction of the thiokness and resistance of the wells, 
of the bomb, @3e to the large dilation. 
The results of this experiment for various high explosives are pre=- 
sented in Table 121, 
Table 121 
. Lead Bomb ahamnel dilation test, 


Trotyl (INT) 
Piordo acid 
Tetryl 


Hexogen 


TEN (Tetra-erythritol 
nitrate) 


Amatol 80/20 
Dynamite 83% 


Another method which enables the efficiency of an explosive to be 
determined is the methed of testing by means of a ballistic pendulummortar, 
(Fig, 224).° This pendulum consists of a freely suspended tartar inside whol ~ 
is placed a charge (about 10 g,) of the test explosive. The explosion chauber 
is closed by a projectile B. As a result of the explosion the missile ig 
ejeoted and the penduluzi is defleoted backwards by the powerful recoil, The 
angle of defleotion of the pendulum serves as a measure of the effloienoy 
‘o? the explosive. : 


Actually, the’ total work done by the explosion products is 


A = A, + Ay 


RF 


where A, is the work expended in raiuing tha pendulum by a height 45°" 
corresponding to an angle of deflection ofi%:, 2-48 the work expeuded on 
imparting a velocity v to the projeotile, . 

Obviously, 


A= Qh=Qi(1—cosa), A=, 


where Q and 7 are the weights of the pencuilum and projeotile respectively, 
/-is the length of the pendulum (from the axis of the pivot to the centre of 
gravity). 
The value of uv can be easily calculated from the equilibrium conditions 
for the momenta of the pendulum and of the projectile, 1.6 
“Qu = qv. 
‘The velocity of swing of the pendwium ,‘u , is determined by the relationship 


Qi (1,— cos a) =%. 


Thus, the efficiency of the explosive is determined by the relationship 
= _ "Q\ 1000 
Am Qui cosa)(1+2) ey o/ieg, (87.4) 
where 3 .8 the weight of the explosive expressed in grams, 
Figure 224 . Ballistt.¢ pendulum mortar. , 


The experimental resuita show that the efficiensy of an explicsive, and 
consequently the destructive effect of the explosion; is practloally indepern- 


dent of the density of the explosive oharge, which is in accordance with theory, 
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Effect of tho Explosion Produots and of the Shoale Wavee As a consequence 
of the high detonation pressure attained for nodernr explosives of around 


2=-25x10° keg/om* » the explosion is always ecoompanted by the impact of 
the detonation products through the medium in which the explosion has taken. 
place, and by the formation later of the shook waves | . 
The initial parameters of the shook wavea originating as a result of 
an explosion vary within wide limits, depending on the nature of the medium 
Thus, for example, in metals (iron, steel, copper) which have low compressi- 
bility the initial pressure Poa of the shock wave resulting from the explosion 
of typioel high explosives, amounts to 8 ~ L8 py, (p, dis the detonation 
pressure ),in soila pao p,, for an exploaion in water pit = 0.6 = 0,7 p, and 
in alr, which has a very strong compressibility and a low density poo, as a 
rule does not exceed 1300 = 1500 kg/cm’, 

In dense media (metals, conorete, earth ) all the parameters of the 
shook wave, acoording to the extent of the distance from the explosion 
Source, feli considerably more abruptly than in air. This is explained ty the 
oonsiderable losses of energy of tho explosion produits and of the shook wave, 
and aleo by transferrence to deforming the medium As a consequence of this, 
the zone of effective action in suah media ta considerably less than for an 
explosion in air. ' 

Regul ting from a study of the effect of an explosion in air the 
observed destructive effeots may be assumed to be divided into three groups : 

1) strong, characterised by destruction of stone and briokwork, 

2) medium, accompanied by destruction of walls and wooden struotures, 


3) weak, by which glass windows,for example, are broken, 


Effeot of an Explosion in Dense Media, Firings of explosives in dense 
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media, ineluding earth, are usually accompanied by destruction and ejection 
of the medium This effect is known under the name of the fugacity effect of ¢ 
explosives. 

A measure of the fugacity effeot is furnished by the volume of the crater 
formed in the ground by the explosion of 1 kg. of explosive. The crater volume 
‘depends on the weight and properties of the explosive charge, on the properties 
of the medium damaged, and on the positioning of the charge relative to the 
medium, 

A considerable influence is exerted on the fugacity effeot of explosives 
by the extent to which the oharge is sunk in the medium, Thus, for example, 
trotyl at the surface of normal soil gives, on explosion, a orater of about 
0026 m/kg, but with a cherge sunk to e depth of 4 m, the crater volume in 
the same soil is 1 m°/kg. 

In order to calculate the weight ‘¢ of a charge intended to blast out 
rock, BORESKIT's well-lmown formila ia used 

c= h,W* (0.4 + 0.62"), (87.5) 
where ‘IV is the length of the line of least resistance (LLR), ieee the 
distance from the oentre of the charge to the rock surface, k, 18 a constant 
depending on the properties of the rock and of the explosive, 7 is the 
ejection factor, equal to e « Here, ro is the radius of the crater 
measured at the rock surface level, 


The coefficient. %; for explosives of medium power can be, according to 


G.I.PCKROVSKII, determined by the forma 
k= 0,80 + 0.085N, 


Where WN: 1s the yield oategory of the rock, NV varies from 1 to 16 (with | 


respeot to the ENV & R scale, 1944), 
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A typical blasting crater is shown in Fig,225, The apparent ci>ter’ 
dep’. Heresulting from fall of part of the rock and crumbling of u.¢ crater 
rim proves to be less than is shovm in Fig, 225, i.e. less than W+Rye 


It is assumed that 


2rg~W 
i, = 3 — 


G.I. POKROVSITI, on the basis of a number of assumptions, established that it is 


more correat to use the following relationship in calculating tho crater size: 


where 1 is the volumetric weight of the earth in kg/m 
According to data by POKROVSICI, the relationship is true for explo- 
sions of charge weights up to 1600 tons, 


Figure 235. Crater formed by ejection of rook as a result of an explosion 


| 
' Zone of 
‘compression 


The volume of material ejected by optimum sinking of charges in earth 
amounts to 1 = 1,5 m°/kg of explosive, 


Three zones can be clearly distinguished as a result of an explosion in 


the ground : these are the zones of compression, crushing and shock, 


The zone of compression ig formed as a result of earth being ejected 


by the detonation products followed by extremely intense packing, The zone 


2? 2 


of crushing, situated behind the aphere of compression, is characterised 
by destruction of continuity between the earth particles, partial crushing 
and tho formation of fissures, Within the shock sphere the ground structure 
is partially destroyed, 

The radius of each of these zones is 

R~Vo. 
In this relationship the proportinslity coefficient depends on the nature 
of the explosive and ofthe medium Thus, for normal soils, the radius of the 
sphere of compression 1s approximately equsal to 
Raz 0.45) 6. 

Buildings found within the zone of orushing suffer considerable damage 
in the majority of oases, / 

It is well-known from experience in the Second World Wer that the 
zones of destruction of terrestrial buildings by explosion of aerial: bombs 
oan be determined by the empirical formula 

eT ae (87.7) 
where k = 0,5 for brick structures, k = 0,25 for conorete walls and roofs, 
The weight of the charge is taken in Icllograms, 

In order to determine the radins cf destruotion as afunction of the 

wall thickness £ of the building, we use the formila 
Rah GZ. (27.8) 


whioh is found to be in satisfactory agreement with experiment. 

For distances at which splittingof brick walls is observed, it is 
assumed that fh, = 0,4 » for the formation of cracks in brick walls and 
ceilings k, = 0,6 and for the destruction of light elements of buildings 
(destruotion of wall partitions, bracing, doors, window frames etc) ki= § 


(L.m 1). Destruction of the latter type is observed for aexial bombs With 
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a calibre of 1000 kg at distances of around GOm 

According to data by M.A,SADOVSKII, the radii of the zones of des- 
tructive effect are determined, over a very wide range of charge weights, by 
the general relationship 

R=ke", 
where ” varies from 1/3 to 2/3 

On the basis of results from experimental data processing, it can be 
concluded that the zone of severe destruction from the effects of large 
calibre aerial bombs (FAB=-1000 and FAB-2000) amounts to about 80 » 35 equiva~ 
lent charge radii, Henoe, it fellows that this destruction is ohiefly depen- 
dent on the effect of the air shock wave, The zone of direst effect of the 
detonation products, as shown above, does not exceed 10 ~ 12 oharge radii, 

It is of interest to estimate the approxinated for waich destruction of 
obstacles is dependent on the impulse ( dynamio effect ) or the pressure 
(according to SADOVSKII ~ the "statio"” effect ). 

The dynamic effeot is observed when the ratio <1, ut the statio 
effect, on the contrary, is observed when the ratio p31, » Where %-1a 
the time of action of tho shock mve on the obstacle, 6 is the relaxation 
period of the obstacle (for elastic systems 9=7 , i.e the period of natural 
oscillation of the system). 

Aooording to data by SADOVSKTI, the periods of natural oscillation of 
the most common elements of building structures, and also the values of the 
"atatlo” (F times) ‘and the dynamic (/ times) destructive loading, have tho 
values given in Table 122,. 

According to OLISOV and SADOVSKIT, the impulsive effect of a shock 


Wave is observed for F< 0.25. 
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Table 122 


Periods of natural oscillstion.of structural elements, 


and destructive loading stresses, 


Brick walls 


i 
t Ferro= : 

2 $ 45 | conerote Glass i 
pricks! pricks } wall, . i 


0.25m |. 


i 
t 


Ty S€Cs Q. OLS 0. 015 


Static loading 
F, kcp/om* 


Impulsive 
loading, 


1 kp, se 


m 


0,05 = 10 


The "statio" type of effect of a shook wave is observed for > 10, Conse= 
quently, for those structural elements such.as walls, the, impulsive effect 
will be observed for 1< 0.002 sec and the "statis" effect for t>0.1 seo, 
for glass structures ‘the impulsive effeot will be for * < 0.005: seo and the 
"static" effect for 20.2 -sec 
Comparing, for a charge of given weight, the time of aotion of the 
shock wave, caloulated for example by SADOVSKII's experimental forma 
c= 15VE VRi07* (87.9) 
with the period of oscillation of the structure, it can be judged that under 
the action of such a loading (dynamic or "static" ) it vill be destroyed 
An analysis, carried out by SADOVSKII, shows that severe destruction is 
determined by the impulse of the shock wave, even for heavy "blockbusters". 
The law of propagation of shock waves has been studied by many investd- 


gators, The most reliable experimental investigations in this sphere within 
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the Soviet Union have been carried out by SADOVSKTI, TSEKHANSKII, OLISOV 
and VLASOV. 

In order to determine experimentaliy such parameters of shock waves 
in air as pressure and impulse, as a result of which the destructive effeot 
of an explosion is chiefly determined, extensive use has been made of 
various mechanical instruments. 

Instruments for measuring impulses should possess natural osoillation 
periods exceeding by an order or more the time of action of the shock wave, 
If the contrary is the oase, the instruments will only measure an undefined 
portion of the impulse. 

Instzumenta for measuring pressure, on the contrary, should have a 
period of oscillation considerably less than the time of action of the ove~ 
pressure, 

The accuracy of measurement of impulse or pressure is determined by 
the design of the instrument .and by its working principle. The mdderm equip- 
ment, devised. by G.S.TSEKHANSKIT , is adequate for-meaauring shook wave 
impulses over a wide range of values, 

Diaphragm pressure gauges (Fig, 226) have been widely used for studying 
the explosion Meld, According to the flemre of the diaphragm of this instxu- 
ment, some idea is given of the magnitude of the. impulse or pressure of the 
shock wave. Lead diaphragms are usad to mosmire impulses, which have a low 
natural frequency. The frequency oan be increased by using rigid aluminium 
diaphragms, However, as pointea out by TSEKHANSKIL, in either of these oases 
the pericds of the diaphragms are found to be commensurate with the time of 
action of the explosion, Consequently, diaphragm pressure gauge instruments 


cannot be used for accurate quantitative measurements, 
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Figure 226. Disphrago pressure gauge instrument 


Reliable quanti tatdve data concerning the Tascam pressures of a strong 
air shook wave are obtained on the basis of measurements made of the shook 
wave velocities, which arc easily measured to a high degree of acouracy. The 
pressure of a shook wave is determined thus by the forma 


9 m 
P,— P= aT hl (: ~#), 

Numerous measurements of shock wave velocities have been oarried out 
py A S.ZAVRIYEVY using various types of modern measuring and recording equip- 
ment The results obtained for charges of TH( tro tyl+hexoge:::) 50/50 weighing 
155 ge are shomm in Fig, 227, The overpressure as a function of the distance 
r from the charge oentre is given on ‘to goales, Tho author estimates the 
maximum error in measurement of the overpressure to be 5 = 7% 

By usin small charges of explosive, data on the provagation of a shock 
wave can vo obtained as a function ot the distance from the site of the explo- 
sion, by using mirror scanning with on intensity gate(see para.46). For explo- 

sives which have small chemical losses when detonated, the relavionsluips 


OF 


é 


D=fi(rirp) end Ap=h2(s/ro) obtained vill be appliceble with accuracy to 
a charge of lerge weight, since for these explosive charges geometric soaling 
is quite justified. Photographic methods cen be used to greet advantage for 
establishing the relationship D-==/(r) close to the explosive charge. Calon= 
lation of the prassure at the shock front, even for a very powerful shockwave, 
with reapeot to the knorm volocity does not couse any special dirficulities. 
Figure 227. Dependence of velocity and overpressure at the shock front 


on distance from the centre of the explosion, 
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Ballistic pendilums are widely employed for measuring impulses. Numerous 
measurements have been oarried out by SADCVSII by means of these instruments. 
The so-called ball indicators have also been used for measuring the pres= 
sures of air shock waves (Fige228). The pressure of the shock wave is estimated 
by the diameter of an impression on a copper or aluminium plate. The impression 


is formed as a result of steel sphere 4 attached to a piston and freely movable 


in the bedy of the instrument, being forced into the plate. The period of the 


VN V4 


instrument for use with copper plates and a light piston is approximately 

O.2 msec, which defines the possibility of usage of the instrument for measuring 
pressure only at quite considercble distances from the explosion focus. This 
same instrument, but with the weight of the pistoa and the hardness of tha plate 
seleoted accordingly, can be used for measwring impulses. 

It should be borne in mind, however, that since the resistance of the 
plate material depends on the rate of deformation and upon the energy of the 
piston, then the calibration of the instruments ehould be carried out under 
conditions analogous with the effect of the shock wave, end this presents con- 
siderable difficulties. 


Figure 228. Ball indicator. 


A number of measurements of shock wave pressures have beon carried out by 

SADOVSKIL by means of a pliezzoeleotrio mpnometer designed by SIDTCEk 
The pressure-absorbing elements in this instrument are quartz plates. 

By moans of a dslay circuit it was possible to record the plezzo-current on, 
& Schleiffer. oscillograph. The ascuracy of measuroment guaranteed by the instru- 
ment amounts. to + 67% . 

For determining very large pressures (in excess. of 10,000 xg /om”) and 
also for plotting the relationship between pressure and time, i.A.Sadovakii 
and A.I.Korotkov used Hopkingon's meesuring rod, suitably inproved. This instru- 


ment, called a mechanical pressure recorder, operatca in tue following manner. 


WBO, 


Suppose the shock wave encounters the end of the steal rod; if the pressure 

of the wave does not exceed the elastic limits of the rod, then the tension at 
its end, at any instant of time, will be equal to the pressure of the wave. A 
longitudinal compression wave will he propagated through the rod, praotioally 
undamped and having an approximately constant velocity equal to the velocity of 
sound coin the rod material. 

On reaching the opposite end of the rod, the wave is refleoted and now 
moves back as a tonsion wave. If the rod is cut into two piecea such that the 
point of sectioning is in good contact, then, as a result of the passage of the 
compression wave the sections of the rod will be pressed vogether with a foros 
equal to ps 4, where s is the cross-sectional area of the rod and g is the 
magnitude of the préssure in the weve. On arrival of the tensile wave at the 
point of sectioning, contact is broken and a piece of the bar of length ! flies 


off, carrying a certain momentum equal to 
MU = f sp dt, 
The uppex mimit of integration is | 4 a4 » Since the wave follows the path 
! twios. 

By using pieces of rod of different lengths fh, h , ls ete., the 
average pressure can be measured in the differant sections by the curve p=/(f) - 
according to the momentum of the plece o* rod measured by some method or other. 

The advantages of such an instrument are obvious. Amongst its disadvantages 
are the necessity for carrying out a large muber of experiments to construct 
the curve p=/(t) , and the low accuracy in determining small pressures ("tail" 
of the curve). 


The results of measurements of pressure for a shock wave in air reflected 


from @ calibrated rod, obtained by A,I,‘XOROTKOV, are presented in Fig.229. 
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Figure 229. Relationship between pressure as a result of reflection 
of & © ..ck wave from the face of a steel rod and 


distance from the explosion centre. 


The average pressures over a tine 5+107° sec are plotted on the graph 
and not the actual maximum pressures on reflection. According to data by KOoROTIOV 
the difference between the actual and the average maximim pressures over & time 
of 5 « 107° sec 4s ebout 10 - 153. The pressure at different distances was 

measured by instruments differing somewhat ir. construction. As a consequence of 
: ‘this the curves in Fig,229 do not join up. Charges of a 50/50 mixture trotyl- 
hexogen with a weight of 155 g. were exploded. The values of the pressure close 
to the charge verlfy the validity of the calculation of the initial parameters 
of shock waves in air, as presented in Chapter IX . It should be taken into 
account, however, that as a result of the reflection of very intense shock wav..:; 


the pressure on reflection exceeds the pressure at the shock front by at least 


a factor of 8. 


~e) 
x\ 
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For measuring the pressure at the shock front and its varlation with 
time ot a fixed point in space, the best method is to use piezzo detecters 
together with cathode ray oscillograpuie recording of the plezzo~currents 

The double-piston impulscmeter by TSEKHANSKII (Fig, 250) is quite widely 
used as an instrument for measuring shock wave impulses, the piston of the 
instrument consists of two parts : a lower and an upper part Into the reaega 
formed by the lower portion of the piston and the upper portion of. the oaasing 


a stop collar is inserted, Under the action of the shock wave the piston 


Fipure 250, Double piston impulsometer : moves downwards, Passing 
1, 2- Pistons ; 3- Crusher gauge; through a path length the 
4.< Stop collar, upper piston, on enoour,tering 


the stop collar is arrested, 
but the lower piston ccan= 
times to move and deforms a 
conical crusher gauges 


The impulse is determized by 


means of special calibration 


Zi 
Gad 
GaeZ “ tables, according to the magnir 

tude of deformation of the 


crusher gauge, Calibration ¢s 
accomplished by dropping a piston of predetermined weight onto the cruslier 
gauge, Ey simltaneous measurement of the impulse, with several impulsometers , 
having different clearances * , the curve of y(x) oan be plotted and p(f) 
can be determined by means of it, ie, the change of pressure acting on the 
inpulsometer with time, 


Actually, the velocity of the piston is 
ax 


v= 


at’ 


184 


whence 
dim. (87,10) 
The impulse 


1 
[=any, ver, 
a a 


and 
ad 


Substituting the values of df snd v in expression (87.10) we obtain 


did \ 
74 = a im (87, 11) 
At the same time, pig m 
t= | —dx. 
f (87.12) 


Tus, for every path length with respect to a knovm dependence of I(x) , 
the pressure, and the “corresponding time can be found, 1,0, the funotion p(t) 
can be determined, 

By plotting graphically the function /(x) (Fig, 281) » the pressure can 
‘be found for any point with resect to the angle of slope of the tangent at 


tas given point to the axis * 


Figuve. 251, Relationship between Riyure 252, Subsidiary graph for 
the impulse recorded by the establishing the dependense 
impulsometer and the path of pressure on time. 


of the upper piston. 


In order to determine the time t corres; ling to a given presaure, - 
a graph is plotted (Si 252) dn whieh the sect’ oa AC is hypothetical, sinoe 
for the exmeriments carried out the variation of x does not commence at zero. 
However, the error introduced by this circumstance does not exceed 5 = 7% : 

The double-piston impulsometer only measures the positive phase of the 
impulse. At the instant wuen the external pressure becomes less than the 
pressure inside the instrument, disengagement of the piston occurs if the 
clearance x is sufficiently lerge, 

The dependence of the impulse on the path’x of the upper piston has 
the form shown in Fig, 235, according to TSEXHANSKIT for charges of trotyl 
with a weight of 8 kg The dependence of the pressure and also of the time of 
action of the shockwave on distance is shown in Fig, 234 for the same oharget 

It can be seen from Pig. 233 that the positive phase of the impulse is 
integrated completely at a path x of the piston equal to 5 - 6 mm Thy magni- 
tude of the impulse determined experimentally, as Sadovskii showed, corres= 


ponds to the value calculated by the theoretical formila , 


. ei 

iss A, (87.15) 
where, for explosives of the trotyl and.ammatol type, 4A = 52 = 56, end for 
flegmatized hexogen A ~75. 


Fipure 233, Dependence of impulse as Pigure 284, Dependenee of maxiuum 


aty 4 Wo 
recorded by <‘1e impulsometer on pressure at the shook front 


the path of. the upper piston and its time of action.on distance, 


(Zan 400 30 Bh 40, 40 


naw Distance, B, 
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The time of action of a shock wave agrees with that calculated by 
SADOVSKII'S experimentel formula 
t= 15V'G VR: 10 see. | 
for relatively close distarcea from the explosion source (R <(15 —20) to) » 
the formaila 
ime, . (87,14) 
gives a more satisfactory agreement with experiment for determining impulses, 
which is also found to be. in complete agreement with theory (see para. 85), 
By processing the numerous experimented data, obtained by the various 
investigators, and the data from his own experiments, ILA. SADOVSKII estaby 
lished the following empirical formulae for calculating ovespresuures at the 


shock fronts : 


ap = 0.95 Y443,9 Y@ 413.0 % ( ror trot), 


r 2 


Ap = 1.09 Va +45tey 15.0 % (87.15) 


(for a mixture of trotyl with hexogen in the proportion 50/50), The formulae 
are used for lerge-scaie concentrated charges (sphere, oylinder,with height 
equal to the diameter, cube etc), exploded at the earth's surface. For this 
o1gt<10 (for trotyl 9 >100 kg )e 

STONER and BLAKNEY plotted a similar relationship for charges of 
pentolite (a mixture of trotyl with T.E.N in the proportion 50/50 )-: 


663 , 295. 82 
Apa + atm, (87.16) 


wnere 


is the density of the exnlosive chaerze, P no is the specific 
rid 
gravity of water a.d.w is the volune of the cnaryc, 
‘sy introducing the arguuent 2 , SMCVEICL'S Pormmla Pox trotyl-haxogen, 


waich reserbles pentolite in its characteristics, wiil have the fom 


Sedovsicii noted that the ratio of the coefficients in this forma to 


the coefficients of relationship (85.15) are subject to tho following rule : 


hex ae =o, 
hi Ae = 15 eV, 
Hi me atmo = VR. 


The reason for the difference between the relationships Ap=fi(r) established 
by SADOVSKII and STONER , in the opinion of Sadovskii, consists in the fast 
that STONER exoleded the charges at a relatively high altitude, which elimi- 
nated the effect of reflection from the surface of the ground on the over= 
pressure, 

Thus, an explosion on the ground, with respect to overpressure at the 
shock front, 1s equivalent to a charze of twrice the mass exploded at such a 
distance from tho surface of the earth that reflection has practically no influe 
ence on the profile of the shock wave. (In the region where measurements were 
carried out, it is a spherical and nota hemispherical shock wave, as occurs 
as a result of explosion on the ground), The forma established by 
N.A.SADOVSITI is in good agreement with the numerous experimental data of 
various authors, . 


The shape of the charge exerts a certain influence on the efficiengy 
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of an exnlosion, mainly in the case vinen it takes place in the air and has 
attack against eround t-cscts as its objective. 

It has been established that as a result of the explosion of large-scele 
charges of cylindrical shape (or close to cylindrical) for a sufficiently 
large value of 4 and if the oharges are Gisposed normally to (or close to 
normal) the surfece of the ground, then the zone of intense and average destruc= 
tion is inereased somewhat in the direction perpendicular te the lateral surface 
of the charge, 

this effect may be intensified "the chorre, at the Instant «f *s=plosion. 
1s located at a certain distance from the ground and if a method of initiation 
is used which will ensure radial provagation of tho detonation from the axia 
of symmetry of the charfe. 

The ootimum height of explosion of a charge is selected from conditions 
wnich preclude the possibility of formation in the ground of any significant 
crater. In this case, the noscalled "dead" space does not arise in the vicinity 
of the explosion focus, and spreading of the explosion products perallel ‘+o 
the surface of tae ground is suitably ensuroG 

The positive effect of the facvors discussed is explained by the fact 
that by suitable choice of the shape of the charge and of methods of its initia= 
tion, the formation of a quite sharply defined cylindrical shock wave ia 
achieved as'a result of the explosion, The breakaway of such a wave from the 
front of the detonation products, as is well-known, ocours at an appreciably 
lorger distance from the explosion centre than for a spherical explosion, and 
as a result of this a more even fall of the shock wave parameters is ensured 


during the process of its propagation 
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The results of comparable experiments with cylindrical and spherical 
charges whow that at idenvical distances the pressure of the air shock wave in 
the case of the cylindrical charge is greater than for the explosion of a 
spherical charge. Less difference 1s observed in the impulses, which should 
explain the lesser depth and consequently also the lesser time of aotion of 
the wave in the case of explosion of a cylindrical charge, 

A supplementary factor, intensifying the directional effect of an explo= 
sion in the case considered, is the sudden confinement of the axial dispersion 
of the detonation products from the ends of the charge and, consequently, a 
corresponding increase of the effective; active part of the charge, 

Significant effeots , resulting from the use of all the possibilities 
mentioned, may be attained only in the case of exposed charges or charges 
enclosed in an envelope with a high filling coefficient. With a relatively 
small filling coefficient rapid equalisation of the energy in the explosion 
products ocours, as a result of which the shook wave very soon acquires a 


shape close to spherical, 
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CHAPTER XIV 
_ EXPLOSIONS IN DENSE MEDIA 
§ 88 Propagation of Shock Waves in Dense Media 

The study of shock waves propagating in dense media (metal, ‘concrete ’ 
water) presents a difficult but extremely important problem in the theory of 
an explosion . 

The solution of this problem is olearly inked with the question of the 
equation of state of any arbitrary bedy at high pressures. 

if ‘the equation of state and the isentropy equation of the body is 
known, it is possible to establish the fundamental laws of propagation of 
shock waves in that body for the one-dimensional case. In fact, the nertur- 
bations which are propagated in a body as a result of an explosion will not, 
of course, be one=dimenaional, 

The most interesting case is the study of the propagation in the body 
o? gphericel end cylindrical waves, However; “i: study of one-dimensional 
motions is the first cssential ste witich coaurloutes “G on understanding of 
the processes taking place. 

Let us consider some supplementary ecasiderations relative to the equa 
tions of atate of dense media at high pressures, It +... shown ecarlicr (sec 
Chapter VII) that the equations of state of solids co. liquids can be repre- 
sented, in a quite general forn, vy the expression 

p=9(v)+f(0)T. (88.1) 

In solving hydrodynamic problems, we shall be interested not only in 


the equation of state itself, but in the isentropy ec ...ciou which defines 


equation of energy in a system of hydrodynamic equation. Con squently, 
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having been given the isentropy equation, it is of great interest to deter- 
mine the corresponding equation of state, which may also be compared witn the 
equation of state (86.1) given in statistical physics. For this, the equation 
of isentropy should be in a form convenient for hydrodynamic application. 
We shall give the isentropy equation in the form ) 
pHA(SF (Oo) (88, 2) 
where A(S) is s function of the entropy S. We shall derive the equation of 
state corresponding to the? entropy (88.2) in the form 
p(t) + Tia). - (8s 3) 
By uaing the well-lmowm thermodynamic expression 
(35), = (35), -& (9), 
we find the isentropy equation 


- foe 
p=(v) +N(S) fed %, (88, 4) 


Comparing this exnression with (88.2), we obtain 
. f dp 


-j/ 
1—aN(S)=A(S), je J “ea, 
where @ is a constant 


Integrating the latter equation, we have 


fv)=———, p= 0) + 8 _, | 
ay— f oav hy — f oa (aa. 5) 


Where &) is the constant of integration. 

We now recall that in equation (68.1), @(v) characterises the clastic 
force of repulsion acting between the molecules of the mediun ; 7f(v) gives 
the "thermal" component of the pressure, We shall neclect tho forces of attrac- 


tion acting between the molecules of the medium, since, at pressures greater 


than the internal pressure of the medium, the repulsive forces considerably 
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exceed the attractive forces, 


The internal energy of the medium can be written in the form 


dE =c,dT +7 (34) dv—pdv=TdS—padv. (68.6) 
Since 
7(3), —pa—(v), 
then dE=c,dT—Vdv. 
(88.7) 
Integrating equation (887) we have , 
E—Ey=0,(T —T)— [ dv. (88.8) 
On the other hand, from (886) and (88 1) we obtain 
dS=sc,dinT +f(v) dv, (88. 9) 
vitich, after integration, gives ; 
S—Sy=cgin + f fav, _ (es. 10) 
®, 
f= wofaw ; (88 11) 
whence . 
by fade ; 
AS=S—S,=c,In Rin fom . (88.12) 
For a slightly~compressible medium ° 
AE=c,AT—O(3), (8a. 18) 
where t= wee 
and 
Smal —s@dvne, [+ oaset, “ents 
since = 
It can be assumed to a high degree of accuracy that 
F (v) = A, (v-# _ vss) = Ay (p* ~~ 95), (88.15) 
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then 
ey Ay (p* — oh) 


f(v) =" , 
tot 2 (eq te) (88.16) 
and the isentrepy equation takes the form 
p== A(S)(p* — 68) (88.17) 


As experiments show, for exemple those carried out by SHEMIER in 
studying the propagation of shock waves in water, and JENSEN's calculations 
(choosing A(S) in the correct manner), at pressures exceeding 50,000 ke/em” 
k may be assumed equal to § (or somewhat preater). As a result of this, the 
thermal component of the pressure is relatively smell in magnitude compared 
with the magnitude of the other pressuress 


In other words 
flvy 
Fv) <1, 


Thus it becomes obvious that the change of entropy in solida and liqiids 
as a result of a compressive shock wave is very insignificant 
Let us determine the parameters of a shock wave propagating in a dense 
medium 
The energy equation (acplecting the quantities £) and py) gives 
Es5 (m—v). (88.18) 
Comparing it with expressions (88,8) ana (881), wa obtain the Hugoneot 


adiabatic equation 


e,T — / ® du=4(y—v)=Cy Pot _ [edo. (88,19) 
Vo ‘, 


in the case when ‘ 
F (v) = A,(v* — ve") 


relationship (88,19) can be written in the form 


—Ay ak _iynk ok -k 
F000 heb Ae (foarte *"\I- (88. 20) 
yk 


— Ao i, -- Agu (Go +%"). 
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Hence, for a strong wave (p> cc) 


va yk (88, 21) 


if a 
te 


witich defines the quantities ~~ or mn » In the case when &)=0' we arrive 


at the equation 
k+t hele k 
(a) ees (t) +h 
For &==3 , for example, we have 
4 4 
: () 208) pat 


£059,3, 
Po 


(88. 22) 


whence 


Since the energy inoreases slowly for a large increase of pressure, then 
the shock wave is replaced by a normal compress“.on wave, assuming constat 
entropy, since in this case the value of the ratio of the densities = 23 
even for water, will correspond to a pressure of around several millions of 
kg/om® (ond greater for metals). 

Only at ultra-high pressures will the medium acquire gaseous propertics 
and the entropy commence to increase sharply, however, as a result of this the 
gas will not be ideal, but deseneratcd, 

The criterion for a strong shock wave can now be established 

In the case of propagation of a shook wave in the ot<osphere (in any 
rarefied medium), the density. of the medium at the shock front approaches its 
Liniting value for a ratio of the pressure at the shock front to the initial 
pressure of about 50 ~ 50, In the case of propagation in a dense medium, at 
dnmonse pressures(around 100,000 kg/om” ) the shock wave is identified with 
an acoustic wave. 


It is obvious that the pressure at the shock front is not o criterion 
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of the fact that we have either o strong or a weak wave. The quentity 
a=M may be auch a criterion, where wu. is she flew velocity at the 
shock front, ¢ is the local velocity of sound. For M.<.1 the wave may be 
assumed weak, and for M“.s>1, it may be assumed strong For a shock wave 
propagating in a rarefied medium 
. Ma f Rae, (8a, 23) 


kpv 
which, for a strong wave, gives’ 


Tz. 
M=V ena 


for k = M= 1.9. 


aj~ 


For a longitudinal wave, assuming that 
um k&+leptle—)aA 


v7 Gp rer he,” (82. 24) 
ve find . 
_ 2(eP—w)? : 
M=V/ ipe-NtAeFO | 
for on wwe 
k(k+1) NCE AN 
2 Ry Bie 
a Ae 


M= 1, 


For example, for kad » the value M,=1 is attained for £..3, « 


For a detonation wave M=> > lee M, is always less than unity. 

We shall further use the fact that as a result o” separation of the 
detonation wave from the solid wall, the entrovy at the sesorated shock front 
increases very insignificantly, and consequently the problem is considered 
as an acoustic approximation, This is also obvious from what has been said 
above, since the quantity M (Mach number) for a detonation wave is always 


less than unity. 


For a dense medium where the isentropy equation (38,17) holds good, 


at 


74° 


therefore 
MaY (=P) Mo») [i-(@yJaVv t=) f(y] 
. Apu p & \po e , . 
(33, 25) 
whence, even for a medium having a finite value of 'v, at tho shock front 
27 
MeV Fees 
which, for £=3 gives M.s<0.52 5 is@e Ms is always considerably less than 
unity and the shoei wave in this medium can always be considered as an acoustic 
approximation. 
Wave Propagation in a Dense Kiedium . For o, travelling shock wave 
’ the Riemann solution of the basic gas=dynamic equations can he used, waitten 


for one-dimensional motion : 


ou Ou la 
wbHa tT =O 
This solution has the form 
x= (ute)t+F(a), w=—z2y (ec — t%). (88. 27) 


In certain cases longitudinal vaves may alz0 oricinate in the medium 
In particular, these waves (two-directional waves) originate in the disversing 
detonation products as a result of their interaction with the mediun 

These waves, aos is ~rell-lnovn, may be described by the general solutions 
of the gas-dynamio equations (see Chanter V). 

“or an isentropy index of k=3, the gencral solution, as we alreacy 
know, has the forn 


(39, : 


e 

iw 

(as) 
we 


x= (uot Fy (uo), 
x=(u—c)t+Fi(u—ce). 
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“Hguations (38.26) and (3° 27) ace based on these solitions, which we 
shall now consider. 

Suppose that at the ooint x=0 and time ¢=0 & linear charye of 
@mlosive of length @ detonates fro: left to right We shall consider tyo 
dumportant practical casos : 

1) the left hand end of the charge is oven and there ic xo tamping; 

2) the entire process is syumctrically propagated to both sides, whici 
reduces the problem to one of detonation at the walls. 

The wave system originating under these conditions is shovwm in firs. 255 


and 256, 
At the beginning of the process, the first two cases may be considered 


, 


: 


as simi) taneous, 
The travelling detonation wave in the case of isentropic law of expan- 
sion of the detonation produete 
P= Apt = Ap? (88, 29) 
will be descxibed by the equations 
e=(etc)t, uc, (88. 50) 
At tine t= a the detonetion wave 2t the yoint x=a reaches the 
boundary of sezaration of the to me@in, As a result of this » the following 
wave system originates, 
In the detonation products tnere arise wither byo rarefaction waves 
(for flow in air, water, etc), or a comoression wave and a rarefaction wave > 
separated by weak Ulscontiniit es (Qor flow of the a-tonation nvoducts in a 


slisatly compressive neti), The first wave is conjugate with the wave tn 


NOce 


\ 


countion (38.23) ana is Asseribed by the equations 


x= (ute)t, a=a+(u—c)(t—5). - (88, 52) 
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PBigure 255, System of waves in a dense nodium ond in the detonation 


products (left-hand end of charge open}. 


Bicure 236, System of waves in a dense nedlum(symmetrical problem). 
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Tila ensues from the condition that for f=z- 
Fila +c)=0 
end 
F,(u—¢)=a—(u—e) 5. 

The second wave is located wore to the right of the initial position 

of the boundary of separation 
X=a(ate)t, x=(a—c)lé+Fy(u—e), (88. 32) 

which ia separated on the right by the particularly strong discontinuity from 
the arbitrary medium, so that Fy(u— c) in eqiation (88.52) will be definod 
below from the condition of coincidence at the boundary of separation of the 
detonation preduota and the mediun, 


Similar, » but more complex relationshigs hold for an arbitrary value 


. 2n+3 
of haar 


The travelling shock wave which originates in the arbitrary mediun is 
deacribed by the equations of (88, 27) 


baz G4), x=G+Ot+A@ (38, 53) 
(here the bar over mu and ¢ denotes that these quantities refer to the given 
arbitrary medium), | 

It is obvious that to the left and right of the boundary of separation 

PoP amaze. (88. 34) 

From these conditions we shall dete.iine the law of motion of the 
boundary of separation, and also the quantities F, and Fy » 

For the detonation products we: have 


_ P= Apt = Bet (20. 35) 


Bor the arbitrary medium, for which tho isentropy equation (88.17) is 


. 
valid, since p~ckI , we have 
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pa BF), (99-36) 
Hence, at the boundary of separation 


ok 2k 
(nc)! = 0 *~" — ty ’ 


where 


c=F—h, eae +23 x, 
where . 
kau, 
whenoe~ 
2k ak 
af*¥ uM fe A—1 s\ie-t  -For . 
*(3 *) =(¢+"“7-*) Yai" (88. 37) 


“ 


We have obtained the differential equationz defining tho law of motion 
of the boundary of seperation of thse two media 


It is obvious that the initionl conditions are es before, 


— A? x=, 
so that 
$= D =i +p 
Tims, 
ak _ 
- k ~-1 ee Ss 
7 (D — ito) = (¢o + 7 Ito) —~Co (88 33) 


which determines the initial value of up » the velocity of the boun‘lary of 
separation. 


We determine tho initial value of the pressure from the forma 


yhere 
3 
a oe and ¢;== 7D 


are the values of p and c at the detonation wave front, po is the initiel 


density of the explosive, 


? 
foe 


canttén (90,56) we cuu deiemainey tor the boundary of separation 


BZCLOM yous 
' . 
xax(l), w=i(f). 
For the detonation products it can be calculated thar - 


f=6,(u—c), *=42(u—e), 


2 | a 
where the suffix{refers to the wave (rarefaction or compressioa) passing through 


the detonatiou products from the boundary of separation, The quontities .%2 snd 
f, are veriables and also F; is a function of (u—-c) , which defines /: in 
equation (83, 32). 


The determination of F,(u—c) leads to the result 


~at =u —e. (88. 59) 
t—h 


For the arbitrary medium we Can evaluate . 
fe=t(u), ¥= x, (a). 


These functions define Fi(4) in the equation (88,27). As a result we have 
—™ FSP ste. (88. 40) 
It now remains to determine the law of motion of the shock front origi-~ 


nating in the arbitrary medium 7 _ 
In the approximation (acoustic) considered, we have, talcing into account 
equation (88 52), 
tole peo yt k+l =, k-3 = 
Ds = pr zlute thy te)= Shc + Tay fo» (88, 41) 
‘ yhere dois the velocity of the medium ahead of the shock front, usually equal 
to zero and % is a coordinate of the shock front. 
From equations (88,40) and (88,41) we have 
x 2 = t—%* h—-l 2 
C= 347% +7 eet! (88. 42) 
which gives 


De ao PAR (88. 45) 
Solving this‘ equation we determine 


D(x; 2) =0, (8a, 24} 
3,e the law of motion of tho shock front 


Zool, 


Xu the case of tue left wand end of the charge being open(riow or the 
detonation products in a vacuum or in air) the solution found will be valid, 
in practice, for any value of {. In the case of detonation at the wall, the 
rorefaotion wave (88,51) formed at time ‘=5% at the point k= ta - (for 
h=3. for the detonation products), passes through the point of weak diecon- 
tinuity in the detonation wave itself, since tn this case the solution of 
equation (88.27) is determined only by the interval +> . ‘the value of 
t—=2*% 45 determined from the condition that at the ‘point of weak discon- 


2D 
tintity usd and c=? 


e 

For 2e4 a new wave (Riemann wave) originates, proceeding towards 
the wail and defined by the ecuationo (see Chapter V) 

7 x—a= (u—e)(t—Z); autem, (88. 45) 

‘This wave overtakes the point of weak discontinuity between the waves 
(88.55) and (88 52), after which the wave again formed, propagating in both 
directions, overtakes the boundary of separation between the two media and 
changes the parameters of the shock wave. 

Further, for tom (resulting from equation (83.45), if one assunes 
that at the wall ueQ and or) for. x0 )s breakaway of the wave (88. 45) 
occurs, which leads to the formation of. new waves as a result of the encoun- 
ters of the various points of week and strong discontinuities, 


Let us consider an actual case, We shall assume that k=3: for the 


arbitrary medium ; then the basic formile. (88.57) has the form : 


(+x) = (% +i —~2, (88, 46) 
whereupon “=o —, ° 
Assuming that 7=D 3 We can deteraine “=u, at the instant of 


impact of the detonation wave with the second medium 


foe. 


Equation (38 57) can be solved analytically. Since 
xesiit +(e + eq) — <3)", (38 47) 


then, differentiating equation (88,47) with respect to ¢ and then integrating 


we obtain 
[’ "dae ; - . ay 
° 4 _ T In t [a+ eo)? — cd]? = const, 
[(4+ ¢0) — ca]? 
which gives : . 


i) 
1\ 3 


. 1 
(ap ey Fa + O— [4 + a) le 
i=, i, = 


% 
3 atten °o 
xe +d — [Curt] 3]* 
(88. 48) 

fy 49 determined from the conditions that for x=a, uel) ond fer « 
Formilae (88.42) and (8848) give the solution of the problem in parametrioal 
form By eliminating’. u, from these equations, the law of motion of the boun- 
dary of separation can be found 

If the first scheme be considered, i,e, flow to the left in vacuo, then 


for “100 s- u—+0 » in the vicinity of <ho noint J =0 » we have 


om ngaet (88. 4: 
tat, [ SH 8) yg (88. 49) 
¢ 
and 
t 1 ; 
- - sit{_ —— t 
canner aye (28. 50) 
% . J |e 4 ¢ 7? 
where . Xo = holy. 
Henoe, since x= ct, we obtain 
i a: 
a a 
Fue 4 (88. 511) 


It follows from (38,51) that for {-+00 Sta tends towards a posig 
tive constant, and this indicates that the boundary of separation is moved 


to the ultimate distance. 
We shall now solve the problem for the case when 7 is small, It follows 


from (8846) that'x is also small ; equation (8846) thus gives 


= 
4: ye ‘ 
at 3{e3 +p =| \ (8a. 52) 


On integrating this expression, we find that 


xt [2n? ge + Sei] = a¢[2n9D* + 325), (89. 55) 


Evaluating for y=0.1. and = p * gives 
2 Po 19\a 
= 7 = 0.22, pall “= (55) = 1,06 


(this corresponds approximately with the onse of prépagaticn of the wave in 
aluminium), 
Similer calmlations by a preoise forma for the case 73=—= 1.0; 


=e (corrsponding apyroximately with the case of propagation of the 


shock wave in water) leads to the results 
uo Po *tim 
p=04, 2, O51, 2.5, 


The worlcing formilae are (88.47) and (88,48) and (88.55) is for appro:d- 
mate solutions, By using them we can determine and “ae » after wirich 
we cen determine ¢ and po. from the usual formulae. 


"Cavitation" of a Dense Medium at tho Pree Surface, 


When any dense 


medium, the expansion of which is described by the equation 
p= A(p*—0), (83, &) 
is moving in such a manner that its leading portions have a highor veloci-g 


and pressuxye than the tail ends, then as a result of its expansion, phenomena 


BOF 


TeycwuLasy, covitation are possible, le, fissuring of the medium may occur. 
Sinee the different parts of the medium, as a result of expansion, are 
moving with different velocities, then intense stretching of the modium 
occurs. In the case of a liquid this leads to disintegartion into a munber 
of separate dropletse In the case of a solid (metallic) body, cavitation can 
develope only as a result of a quite large velocity gradient 
Let us consider first of aj cavitation in any liquid. It follows from 
(88, 27) that we can expect, with a large degree of certeinty, the following 
distribution of velocitiea in the medium and of the velocity of sound in 
the shock wave, approaching the free surface of the liquid : 


utcom =", u—czw=—t,, for k= a, (88, 55) 


where u.is the veloolty of the medium, ¢ is the local velocity of sound in 
the medium, ¢, is the velocity of sound in the undisturbed medium, ais a 
‘constant determining the stretching by the shook wave, 

The qualitative solution of the problem of cavitation is of prime in- 
terest to us, 

The rerafaotion wave, originating as a result of the shook wave reaching 
the free surface of the liquid, as follows from equations (88,28) ana (88.40), 
is characterised by the relationships 


x—a 
upes =F; neem * 
f ft—t 


(88, 56) 
where / is a coordinate of the frce surface 3° t- ds the time of arrival of 
the shock wave at the free surface, 

the front of the rarefaction wave, as derived from equations (88 55) 
and (88,56) , will move according to the lav | 

: x— l= —c,(t—*). (88. 57) 

The coordinate *=x' \ for which carn | » is determined, from 

relationship (88,56) ; 


gos. 


. 7 4-4 wad) 
a= z( 7 — =z). (88, 53) 


As a result of this 


-~ \/k—a , ¥-1\__ x—2 
a= >( 2+42t)= do (88 59) 


=_ yt t 
eal —S(t—t) +242 (t—1) (82. 60) 
the law of motion of the front beginning cavitation. The velocity of the 


cavitation front is equal to 
bat —ta+2ar. (83. 61) 
For future calculations we shall transfer to Lagrangrian coordinates, 
for which we shell suppose that uex5t and we shall determine the relat.on- 
ship between x and 40 ( (xis the Langranglan coordinate). 
For the initial shock wave 


Aart. (88, 62) 


Integrating (85.62) we find 
ae co Cat + AYt. 
In order to determine the constant A wwe cheil assume that L=X for the 


instant of time 1%, ., corresponding to the arrival of the shook wave at the 
free surface, Then 
A=% Vr +4, 
whence 
— r 
x=a—0t+aVa —(x,—ayV =, (88. 63) 


Similarly, for the rarefaction wave we have 


Spm y (252+ 7) 


gob 


Integvation gives . a _. 
Bos tt (t— py +A Vii —2). 


The constant 4Q is determincd from the condition 


xol—o,(t—t)= at(%—ayV = +e,Vix — est, 


wall F +(a—a(i-y $F) 


and 


which gives 


Lym ate, M— ates 
Hence, 
LOWS 
A =~ Vx — PF 2(x%, —D (6, —2) 
and 


xeatt—4¢—)4+ UE) yEe ) (¥9 +242 (et —a)]. 
(88, 64) 


At tho line defined by equation (88, 60) ; partioles of tho medium 
acquire the maximum possible velocity. u 9 for whioh c=. y p= Pos e 
Further, every particle flies apar; with this velocity, independently of one= 
another, sinoe cavitation of the medium occurs, 

We shall determine’ this maxizum possible velocity, From equations (88 6C) 
and (88 64) we fing that 

Achat (t+) = (Xo — Dito + +2 (C4 —a)). (e8.c5° 

Expression (88.65) gives the relationship between xo und { along the lino at 
which cavitation occurs, Form (8861) we find 
i ine 
~ eT 2 Qe, ' 

Substituting the. relationship for t obtained in (88.65), we find the 
relationship between and 4: : 

(OU +) +2 (eu —a)] = teh (eg e— Get) (GEA), 


(88.65) 


Go? 


Let us carry out e fe calculations . If at the inctant of exrival at 


the free surface , u=uj; and cc; at the shock front, -20 uj—ci=--c. 


. i—@ . 
and 2¢;--Ca=—yW7) «4 Whence 
fy (—a2, . oe fy f—a 
age wera R 


On flying spart, the first partiole attains a velocity of 


i~ 
toa £ Cy ny. 


Let us establish the region or existence of the solution which we have 
found, It is obvious that for 
4=0 and C= ly oy 
x=—ate,l. 


This expression gives the law of motion of the rear of the shook front: 


Figure 237. Wavo system at the free surface of a liquid. 


Trajeotory of Particles 


4 
it “Sb Cavitation 
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The veLocity . motion of the head of the shock front is 


whence 


xsatet+AaVi 

whereupon the constant A is determined from the condition such that for 
feat y *=/.,. Finally, we obtain the law of motion of ‘ho shoak front in 
the fora 


x=mafatp(ii-a—as)/ 4. (88 67) 


Fig. 237 givos a schematic picture of the motion of ell the weve fronta: 
the ahock front and the rarefaction wave following behind it , the fror’ at 
the rarefaction wave after reflection from the free surface, the line of move- 
ment of the cavitation front, and also the trajectory of the liquid particles, 

In a metal, cavitation can be initiated considerably later than the 
attainment of zero pressure, since considerable cohesive forces will act in 
it between the pertioles, thus opposing the tensile stresses. 

Fissuring commenses when the tensile stresses, which originate as a 


result of the velocity gradient, exoced the cohesive forces. 
§ 89 Propagation of a Spherical Shock Wave in Water. 


The problem of propagation of a shook wave in water is solved more 
simply if it be assumed that detonation of the charge is instantaneous. In’ 
’ -this case one oan assume approximately that for the rarefaction wave travelling 
through the detonation products, tiie relationship 


a 
“ 


us (¢1—e). (39,1) 


wiil be valid 


It can be assumed to an even greater dsogvee of accuracy that for water 


oA oF 


the following relationsrip is valid between the velocity of the particles 


of the medium and the local velocity of sound | (c) : 


(¢—c,). (89,2) | 


_ 2 
B= 
The accuracy of this relationship increases with respect to increase in 
distence from the centre of synmetry. 
Substituting expressions (89,1) and (89.2) in the equations of motion 


and in the continuity equation we obtein 


de 2 k+l 
a@t(qaran et e) 5 =0, 

de 2 ttl dc , 2(¢—c)e 
et (aort ke c+ =0 


r 


(89, 3) 


(for the detonation products). 


and 
de ,-{n+1-— 2 = 
ot (Re- a— t. )#=0, (so. 4 
# (atle_—2 wt) SEB 0 oa 


' (for the shock wave in water), 

Integrating the contimity equation and neglecting the Huler equation, 
which for cylindrical ani spherical waves is not compatible with the condimity 
ecusation (but which implies an insignificent error in the Law of Conservation 
of Momentum), we shall, by taking the isentropy equation for the detonasion 
>roducts of condensed explosives in the form 

p=Agt (k=), . (39, 5) 
ond for water, the isentropy equation in the form ; 
p=AG@—p)), (n=), (89, 8) 
exrive at the following solutions (waves) with respect to both sides of the 


boundary of separation : 


$/0 


Qe 


t=— a r+, (re(e. —e)}; ute=se, ‘(e9.7) 
(for the detonation products) 
and 
fon as r+9,|rc(C—e)}; wmc—e 
c: a “eu ‘ (89.8) 
(for yeter). 


The srbitrary function ©, is determined from the condition that 


fm Q and reef « AS a result of this (8%7) is transcribed in the form 


ACh (89. 9) 
If necessary, more accurate solutions can be used 
r_| (B fo » i #8 
tart] (B=) gop +08 |+0i[2 (Bs) (69.10) 
where ; 
\ Peu—eme; —2e 
and 


1 ; 
ae i a oe oe Li 
me (E- dees |e ey] 
. (89.12) 
a=u+om2e— cy 


- In this case, equation (89,10), taking into 
account the condition that for /=0 , and r=so, , will have the form 


vhere 


7 (ms \., 
[et V 
b= a (a7!) ! 

it V 


(89, 12) 


More to the ‘rignt oF the rareraction wave described by eqyations (39.9) 
or (89,12) should be found the wave reflected from the boundary of separation. 


The solutions of equations (89.10) end (89.11) are. found from the equations 


” Ga da at— p> 
atta t=O 


ap op fAi2 — at 

ai tbe ta = 9 (89.18) 
in which it is assumed that either B= u—cme; — 2c and ==@= const, 
or .a=utce2e—ey and P=fo= const. 


In accordanes with a hypothesis by A.A.BULGAKOV and N.I.POLYAKOV the 
wave, réflected fram the boundary of separation, c,n be approximated to a 
stationary wave, 1.6. it can be desoribed by the equations 


2 
Ba gtead, meted. (o0.12) 


In the oase when k=3 these equations assume the form 


w+e= A, ue So, (89.45) 


whenoe —_——— —~ 

aaVAtsG, pV as. (89.16) 
In ordex to detexmine the arbitrary function ©, in (89.8) or in (89.11), it is 
necessary to know the law of motion of the boundary of separation. 

Calculations show that the velocity of motion of the boundary of sepax~ 
ation of a spherical wave falls more rapidly than in the oase of a plane wave, 
just as one would expect. 

In the case of detonation of zaseous mixtures the, initial pressures at 
the shock front will be small, and a liquid can be asswned to be incompressible. 
As 3 result of the detonation of condensed explosives , in the case of a svheri- 
cal explosion, the pressure in the explos:ion products et the shock fron falls 


off considerably at a distance of about 2r) , and asa result of further devel-r - 


ment of the process a liquid my also be assumed to be incompressible. 


Fle 


It 15 ssscitial te lots Uleb ia tus upprosination wa ere considering 
(acoustic) for a compressible liquid, we are justified, in the case of a spheri- 
cal wave, in using the relationship 

Ds = Fray (us +6+4), (89.17) 
For =3, using the relationship (= at tty. > we obtain 
De =¢ =tty +h. (89,18) 
For an arbitrary value of n , 


Ds =o (ue 404-0) = 52+ ¢~, 2°" =e, +t! Uy 


(89,19) 

In order to determine the law of motion of the shock front, it 1s: necessary 
to evaluate the arbitrary function ©. The law of motion of the shock front of 
a spherical shnck wave will be differentiated from the law of motion of the 
shock front of a plane wave in that the- velocity of the shock front will decrease 
more rapidly with distance; therefore for equal time intervels, the length of 
&@ spherical shock wave will be less than the length of a plane shock wave. 

It oan be assumed approximately that, beginning at small, distances from 
the point of explosion (for r= >2r ), tne lev of motion of the front of a 


spherioal shock wave is determined by the relationship 


A 


d. -k il - 1 - 
Des Feats =a +t ae, + oH, (89.20) 


where uy Yor =) is determined by the wellelmowm acoustio relationship 
we Silty (89.21) 


Wy = 
and uy ids the value of the velocity u, for r=" . 
It is. obvious from (89.20) that at a diatance of around (8--12)r, the 
velocity of the shook front becomes pr, ctically equal to the initial velocity 
of sound, sine «; is of the order of magnitude equal to ¢a , which follows 


immeciately fom experimental] data. 


14 


Iotionshis (29,20) and fruili tuo isenisopy equation 
that the dependence of the pressure at the shock front on distance can be 


expressed by the forma - 


Pe —p)(or 04) = 8 (1) aS 


p Ps 
| at Ps Pp 
= 2 |’ (89, 22) 
> Poy n 
(a8*") 
Henee, at small distances from the explosion point, where a liquid.is sti11 
compressible 
1 
Pe ( 1-44.) 
fa, 
or 


Pa rt }—-__L_ 
(gat )" (89, 25) 


At large distances, where a liquid is practically incompressible, or, 


more precisely its compressibility is subject to a linear lar, 


Ap = nApr'dp, (89, 24) 
the pressure will depend on the distanoce 
YV/nApht Py, 
4p=————— (89, 25) 


i.e the acoustic formla will be valid, 

Completely analagous conclusions oan be drawn also for a cylindrical 
explosions 

The study of the process of expansion in a liquid of the products oz 
an actual detonation is more complex, However, just as for provagation in 
air, the explosion w'1v1d at small distances from the point of explosion 


(about (3--5)r%) approximates to the explosion field for the case of 


817 


an incstantoncsus Gs toile 

The solution of the problem of expansion of the syhere of detonation 
products, assuming that the process of expansion et a certain distance 
ry r2f 4 will be equivalent to the process of expansion of an ideal gas 
in an incompressible medium Here and henceforth we note that, in accordance 


with VLASOV, for the detonation products 


$=(2)" (9. 26) 


approximately, where kw? oD (2), Re po? 


For a spherical wave in an incompressible medium, the basic hydro- 


dynamio equations have the form 

ou, uy 1 opin 2 . 

dt Tae t Fe Gp =O ta (89. 27) 
and lead to the following general solution 


=f; #22 _ af f 
we OE Fat I (20, 28) 


Where /({) and 9(t) are arbitrary functions of time, so that it may be 
assumed with a high degree of accuracy that 9(/)=p . As a result of this, 


the lew of motion of the boundary of separation can be written in the forn 


nt ri \ CT io 
i (3) = Pa + Ps (ar — i]: (89, 29) 
so that, at the boundary of separation - 
Ha GEA + ur mt 4 uty = 5 A ay Outr, 


and therefore equation (89,29) assumes the form 


di yg am ey 
dr | Pee) Par (89, 30) 


Tts solution, for the condition that. u =u, for r=, ,shas the form 
2p, a 
ue = (ul + aging Pa +3 \(2Y- 
2 mfr Py 
aalrcear say 24) +a |. (89,31) 


K/y 


The limiting Aictance which thse dotonation prudiGts atiain can be aevermned 


from relationship (89% 31), assuming that u=0: 


sey (BY bo —(Foant + ate) (2)e (59, 82) 


v 


Neglectin,, the first term of the left hand side of the equation, which 
1 ; 
is small in comparison with p. and 74 (4) » end in the right hand side pa, 
and: pli, which are small in comparison with fi, we arvive at the expression 


() = wn (89. 35) 


Applying relationship (89,26) and assuming that ri=%r. , we obtain finally 


r\3__ Po? fry 8 Pn DP \ 
(x) = snp, (4) ~~ 8(&@— ip, 16-32 * ( 89, 34) 
For po = 1.6 g/om® » O,= 7000 nf/seo, & w 1,4, we find, for typical condensed 
explosives, (+) = 500 , or (Z)' = 500+ 8 = 4000, which gives 2 ~I6. 


a) 


Tus, the limiting distance differs but slightly from the distance 
attained by the detonation products in air, With increase of the depth at which 
the explosion takes place in water, the external counterpressure increases 
and therefore the limiting volume of the detonation produots is decreased 
in the ratio (2)", where 7, is the counterpressure at a depth 4. 

The exyansion of the detonation products (gaseous bubble) takes place 
with gradually inereasing velocity. Towards the end of the expansion, the 
pressure of the gas falls below the hydrostatic pressure. As a consequence of 
this the gas bubble begins to contract with gradually increasing velocity, 
Compression of the bubble will take place until tho increase of pressure 
inside the bubble is no longer compensated by the inertia of tho convergent 
flow of water, Towards the end of the compression, tne pressure inside the 
bubble becomes greater than the hydrostatic pressure, 


Thus, the gaseous bubble will pulsate, With favouratile conditions 


4/6 


(absence of the effect of boundary surfaces) up to ten or more pulsations of 
the gaseous bubble will take plece. The process of pulsation of the bubble 
will po on with its simultaneous emergence at the free surface, 
Pulsation and emergence of the gaseous bubble cen be clearly seen on 
the series of oine=frames,obtained with high-speed cine-film (Fig 238). 
The variation of the radius of the bubole, according to COLZ, for 
the explosion of a 250 g chatge of tetryl et a depth of 91.5 m is shown in 
Fig. 259 as a function of time 
It should be pointed out that use of the solutions in equation 
(89,28) for ‘a shook wave propagating even in a very slightly compressible 
‘medium has no physical significance, since the velocity of propagation of 
sound in such a medium is always finite and not infinitely large, which 
follows formally from these solutions, Moreover, it follows from the: solution 
of equation (89,28) that the velooity in the shook wave, more correctly in the 
compression wave, falls from the boundary of separation to the shock front, 
although aotuelly the pressure at the front is higher. However, if one assumes 
that ¢(!)=p, , then (4) can be determined from the condition for 


terminal velocity of the WAVCs 


¥/7 


: tt A, weet a ntan 
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of a charge of tetryl, The figures below the frames denote 


time intervals after detonation in milliseconds, 


We note that the equation for an incomressivle liquid describes 
relatively natiofactortly only the law of motion of the boundary of separation 
Consequently, in order to describe the acoustic stage of propagation of the 
wave the acoustic equations should be used, talcing into B0counst the non= 


linear terms, Le to assume that in the travelling wave the relationshir 


ux [Vag = fet, (89.35) 


is satisfied, and which can be written in the form 


Ap 2 - 
c 7? i= r (¢ _ ea)s 


whereuzon 1 (89, 37) 


Tie Twilcalua possessed Dy the water behind the shook front can be 
determined by relationships similas to those which we used in para. 65, 
In conclusion, let us consider the case of a point explosion in waters 


The equation of atate for the water can be written in the fox 


p= A(S)(e"— pt). (29, 38) 
and the power index can Figure 259, Dependence of radius of 
‘be ‘chosen quite arbitrarily caseous bubble on time 
corresponding to the lesser interval after detonation 


value A. If we accept the 

approxination that 
p=sA(S)o* (89, 59) 

then it is easy to find 


solutions for the cese of 2 


point explosion, These sol- Tine, meso 

utions become partLoularly 

simple for n=7. Actually, by using the basic solutions for similarity— 
solution Gre notien 


cacyydiny 
ding _ <2) —G (aN) 
_ dx”. i a 


(a, — x)'—y 
y [ee D+ 241] x0 —aV(@,— x). (89, 40) 
dink-+-din(x—a) +S E2* ginz 0 (39,41) 
and seeking the solution in the form. 
2 2a (a— 1) a3 . 
sSaxK= real , I=Vi= ah (89, 42) 
ve arrive at the followinn result? 
2a r _ VY n(n—l) ar 
wT CST —: (39, 43) 


woowlt of this the followaigs auwiltivus snmoula pe TuirtatLied 
IN (a — pat lx = 2; 
y; [PS +054 Dd] = x10 — 4) Ga — 3). (85.44) 
Henoe,we see that since 
2 _ i+l 
B=NET = WaT (89.45) 


For N=2 wo obtedi 1=7,.. As a-result of this 


(89.46) 
The law of motion of the shock front is expressed py the relatianship 
Dyattast (89.47) 
The dependence of the pressure on distance is expressed by the rel, tionship 
pwr, (89.48) 
The respective constents can be determined from the euergy equation. 
With this we conclude tha short discuseion of the basie lawa of the most 
important types ofnon-stationary motion in liquids. We note only that after 
passage of the shook front through the surface of a liquid cavitation commences , 


which leads to the ejection of atauised liquid into the atmosphere. 


§ 90. Some Problems concerned with the Theory of 


an Explosion in a Liquid. 


In order to interpret some of the experimental data relating to the 
study of shock wave propagation in liquids and the interaction of a compressed. 
liquid with various obstacles, it is of great interest to consider theoretically 
a number of ideas relevant to this range of problems. 

First of all we shall consider the question of limiting compression oz 
a liquid. Suppose that in a volume « there is an explosive and in a volume é 


there is any liquid (Fig.240). The walls of the vessel conteining this liquid 


¥ ve 


and also the cxplosive we shell seams to bs absulutely solid. Knowing the 
ealorific value and density of the explosive, and also the ddnsity of the 1i-~ 
quid and its equation of atate, we find the limiting volume which this liquid 
occupies. after detonavion of the explosive, resulting fron its compression py 
the detonation ‘products. 
Suppose the equatioa of state of th... explosion produots has the form 
p= Appl, (20.4) 

and the equation of atate of the liguid has the form ’ 

p= A(p? — 0?) (902) 
(where ?, is the initial density of the liquid) (we she”. neglect changes of 
entropy, which is permissible for Pressures up to 200,000 ke/on*), Then the 
following relationships are obvious for the limiting state of equilibrium of 
the explosion products and of the liquid : 


P=, () mA (qx) =42[(£)~]= 


= Ann [( .)'- 1], (90.5) 


i— 


where . x defines the position of the boundary of separation or the explosim 
products and the liquid in the equilibrium state, p and p* are tne densities 
of the explosion products and of the liquid in this state, p is the equili- 
trium pressure 7; is the initial average pressure of the explosion products, 


— _.__ fob? 
Pi BEF 1)" (90.4) 


where ?% 41s the initial density of the explosive, and. D is the. detonation 


velocity. 
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Since the initial effective velocity of sound in the liquid is 
| | cles nApa= = ac, (90.5) 
where ¢, 4s the normal initial velocity of sound in the liquid (the coef- 
ficient 4 is a correction which takes into eccount the inaccuracy of the 
equation of state (90.2) for smell pressures) ' then relationship (90.8) oan be 


written in the form dh fn 
nD 7 ‘| 7 \_ 
WaT pd “(i +7) (Gaea ‘| (90.6) 
i t 
Hence, it is possible to determine that . 
x fo, DA 
Toi tT): (90.7) 
For a specified explosive and liquid 
x AY 
T=4(7)- 
If we designate : 
. n pp 2 =A 
Qar(k+1) 9,0 " 
then it can be shown in the general oase that 
# A 
F=f (as 7). ( 90.8) 


Calculations. for a typical explosive and water shat that for a/ji=1 , the 
density of the water ia increased by no more than 50%. It is well-kmom that 


the initial density at the shock front in water can be greater. 
The next problem which must be solved in omer to analyse the processes 


involved in shock wave propegation in watex, is the problem concerning reflection 
of a shock wave from a non-deformable wall (i*1q.241). 


EVE 


Figure 241. Reflection of a a)-uck wave Vie shall conduct the discussion 


in weter fram a non- 


deformable wall, 


plane wave impacting at right 
angles to the wall. We shall 


also, as above, neglect the 


change of entropy on reflection. 
It ds well-lmown that even as a result of reflection of an air shock wave the 
entropy does not increase very strongly; on reflection of a detonation wave it 
is inoreased but little. This is associated with the fact that for the deto- | 
nation wave the Mach number . 

| M= 3 <i! =z. 
For the liquid , in the impacting wave we 1 (up to pressures not exceeding 
1 0o® ke,/on”) , therefore the ohange cf entropy can, in fact, be neglected. 
If the reflection be considered es an acoustical aprroximetion, as we 

have decided to so do, then for the wave proceeding from left to right the 
Riemann invariant is conserved up to and after rellection, which, in tha case 


of the equation of state (90.2) is written in the following mamner ; 


2 
tte eed tot Lents (90.8) 
At the instant of reflection at the wall 


4 rofl == 0 and Crop) =e4+25) iu. (90.10) 


Since i: the impacting shock wave, which propsgates as a result of expansion of 


the explosion products, 


n—l 


C= Cy a t, (90.11) 
then 
C ret = 26 — Cay (90.12) 
hence it follows that 
Avetl == yap — 0 == 2hc = 2 (¢ — cs). (90.18) 
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The pressure ond velocity of sound are connected by the relationship 
Qn Qn 
p—p, =B(cn-1 —cn-1), (90.14) 


therefore : on_ an a not a 
Pref ~p, + Bort = [2 (p—p,+-Be™-') —Bin a,| ‘ 


Iet p—p,=Ap , then _ _ 
MD eon Pron Pa — Berl + Bog +2 (P--P,): 
whence 


Apa = 2p, (90.15) 
which is valid for ao weak wave. 
In the case of a strong wave, neglecting the qiantities p, and ¢, , 


we have an 
Prog = 2" p, (90.16) 


The result depends strongly cn the power index % 4n equation ($0.14), conse- 
quently it 4s not preciso. For 2=3 5 Pry = 8p » and for n--0O Pyig, = 4p. 
The true value of for pressures in the range 1 to 10° xg/on* lies betwen 

5 end 6 A difference in pressures of a factor of two is obtained. 

It can be assuned tnat by measuring the ratlo tetween the "incident" and 
the "reflected" pressures, we oan determine the value of , however these sane 
measurements are unfortunately characterized by low aocuracy, 

. We shall consianr now the problem of projection of & solid body by a 
compressed, liquid (Lagrange's problem i n internal ballistios, where the 
projection of a solid body by a compressed gas is considered). Suppose we hava 
a tube, filled with , compressed liquid (iig.242); the cross sectional area of 
the tube is equal to unity. In front of the liquid there is a body of mass. Ne 
The density of the liquid is p, , the pressure is p,;, the mass of the liquid 

m==lp, « We shall choose initially a coordinate of the liquid + projectile 


boundary and we shall assume that motion is initiated at time {=0 . The 


motion is determined by the equaticns + 


G2 


= (4 —e)t+F(C), 
2 
bo (¢;—e). (90.17) (90.27) 


Figure 242. Projeotion of a body by a compressed liquid. 


In accordance with the Law of Conservation of Momentum, the following relation- 
ship will hold good at the surface of the body 
Sp = Mu G2 = p, (90.48) 
assuming the cquation ot state tu be in tne rorm 
p= A (p) -- pt) = Bc? — ce), (90.19) 
whore 
c= VSAp, Baas, (n=), 
we shal transcribe equation (90.18) in the form 
M a = Mu i = B (ce) — ci), (90.20) 


Since 
w=e;—et, du=—de, 


then, from (90.20) we obtain: 
d d 
M Fp = M (ci — 0) Ge = — B(e— 22), (90.24) 


On integrating this equation we have 


ie — Mt M [pea -v3 wrt | + const 


—=—_ == ———— . 
Be @—8 BB 12 cP +ec,+e2 e+ 2¢, 


M (ci—e)} de Me; [1 (¢— ¢,)? = V 3 M ede 
pn Mf Oe MIE A ee VEL M fete 
¢ o8— 8 = 3Be§ {2 e? + cc, +62 V3 sar c+ 7 | BJ S—sz 
MeL morgage VEY [5 et xe]. 
3Be2 | 2 + co, +e? c+ 2c, Be, | 2 et -+ ce, +5 2 e+ 26, 


$2) 


whence M14 fo. + aT (a — e,\2 
xo ——[(o(— n—=+— 4 — 
sie, [25 1)" para 


ay ¢ Vy “oe 
i (2 a —_— } ‘terre! } 3 | + const, (90,22) 


i+ 
Since for {=0x=0,u40,.v—c;, then 
t= 2(c) =a |"( =" } eb eit a 
s 


oad | "(cme ) “ef cc, +e? 
—273( ut we —, tat me): $925) 

x= HO = ae [In(Gae ) — a G + 1)— 
-V3(25— 1)( we nF | meh Jp. (weedy 


Knowing that f= f(c) and x=x(c) , we dotermins F(c) = x(c) — (u— e)i(c). 
The rarefaction wave in the liquid will be determined by the relationship 


x —X(¢) = (4 —e) (t—F(e) )» etree; (90.25) 
The law of motion of the projectile is described by relationships (90.23) and 
' (90.24), where c’ da introduced as a parameter.’ 

At time = x » tne front of tne rarefaction wave reaches the 
wall located at the section *=—!, and gives rise to a new reflected rare- 
faction Wave. | 

This wave will be oharacterised by the equations 

x—F=(u—c)(t—}, 
x=(ut+e)t+Fu+e). (90.28) 
We determine the arbitrary function F(u-+c) in the following manner. In the 
section, s=—/:, 0° for eny value of { . Therefore 
FO+c)=—[L+O+e)t] 3 
since 
—(t+-x) =(0—c) (t—2), 


taFp tte ona and F(Oe)=— [+0 +0)(7+92%)| 


B2e 


or 


F(O+e)s=—(2+%+(0+0)F]. 


Yow we mst bear in mind, that 
f=t(c)=€(04-¢), x=x(c)=x(0+c). 
Since va have the durther relationship 4¥--¢=-—a , in order to determine 
H(c) end 4(c); then 
ateome, f &feo—a 
ea As and f(y (as to). 
Thus, for u#0' we have 


F(u+e)=— [2+ (uc) 8 (4-e) +X (a +0)] (90.27) 


and 
x=(uto)t—¢—x—(uto)é (90.28) 


Finally, we write equations for the reflected wave in the form 
xX—xX=(u—c)(t—f), | 


¥—-X +A =(U+e)(¢—F), (90.29) 
where 7= ute) » xex(u +6) » Whereupon cp te te 
Adding, and subtracting equation (90.29) we obtain 
| étl=u(t—h, 
l=c(t~—f), } (90.50) 


For u>0, in fact, x=—/ , which is proof of the validity of the detex — 
mination of. F(u-+c). The wave reflected fram ths wall will be propagated to 


the right acoording to the lew 
Bau te. (90,52 ) 


From the second equation of (90.29) we obtain 
adx= nest (1 +e)+d(n-te)(t—) + 
+-(u-pe)at— (ute) gan du +o) (20.52) 
Comparing (90.51) and (90.52) we find 
t=f--(u+e)f —x’, (90.53) 


where the derivatives are taken with respect to (w+c'. . 


$27 


” fan n= 


- 2b fvllews | Daron (30.52) tha 


cota 


=f ube ube? —X'[d(u-+e). (90.84) 
Equations (90.33) and (90.54) determine the front of the reflected rarefaction 
wave in parametrical forn. 

Solving equations (90.25),(90.24), (90.33) and (90.34) simltaneously 
we determine the time { and the coordinate x when the reflected wave reaches 
the projectile. 

The problem can be further condidered as a normal thezmodynamia approxde- 
mation, assuming that thepressure is independent of the distance, but is deperr 
dent only on the time. With other conditions 

p=A(p—p) 
where 
px=px (90.385) 


(p 4s the density at time f for x= % , de. near the projectile). 


Consequently, 
“ a. uy 
p= A(p—p), 
Mot = Mu Se = A( 3 —2,) 
dt a xs Pa (90.36) 
Kence, =1 
Mw = Mp +P + 2px —(} > + 2px). (90.87) 
This. solution is significant whilst p>p, . For p=), 
OeMua BE: (90.38) 
Ap a 
Wi aut + big Bx) ( “92 ): (90239) 


Leter, the motion of the body will be inertial 1f the external resistance 4s 
not tak: ' into account. Since expansion of the liquid can take place only for 
values of p2P, » then the limiting velocity whioh may be acquired by the 


diquid eas a result of free expansion in vacuo cannot exceed the value 


G28 


Imax == Ci — Cn, 
or in the more general case 
Hiner a (€; —¢s). (90.40) 
“Thus, equation (90.59) is valdd only in the case when  Ue< inn, »-Whioh 
is fulfilled. After u attains the value u,,, , further expansion is quite im 
possible and motion wl” take place inertially. 
In the wave reflected from the projectile 
+= & pros = Xtim 4 = Uproj= im 


as a result of this 


— ? 
Mim (90.41) 


Obviously, the condition should also be fulfilled that 

oe mm Mh 
However, because of the fact that for t= the density at different values 
of x is different, this condition is not precisely fulfilled, Therefore it is 
essential to determine P precisely from the condition of equation (90.41). The 
difference in the determinations of @ will be a measuro of the acouresy of 
the "thermedynamio" aprroximation. et 
Figure 245. System of waves in a liquid oreated by a projectile. 
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$21. Lasrange's P:roblem for the system 


Gas = Liquid = Projectile, 


Nev let us consicer tio nore general problem Suppose that in a tube, 
with wi area of cross section s=1y, an explosive cnarse of mass m is 
Cetone a in a volune bo 5 “se the ghobt icon Liesl 22 velume A end mass 
Bre liguil ds in contact with a vrojectile of mass M (Fig, 244). 


Ficure 24%, Projection o7 a solid body by = Gaus ~ licuid system 
wee © 


Initially, we sholl 4:1: a coordinate at the boundary of separation of the 
explosive and the licuid, Tic detonation, which w: shill assume to be insten- 
taneous, occurs at time 1='0, 


The system of waves or.Sinating from this is shom in Fic, 245, 


Pigere 245. System of wave. originating in a cas and a liquid sy 


the pro sotlon of « solid bocy. 


Tio Mees i fucliun wave (rerLected) passing through the explosion products 
is deseribed by the eountions 

K=(u—c)l, u=0;—-e . (91.1) 
within the interval of time Ctx < (ta — Co) t, | whore . 


a= aV 50. 


A stationary wave will be propagated to the ight 
USUy, C=Cy P= Dp, : (91, 2) 
within the interval of time  (g—tg)f Kx Kuot » Whereupon wu, and . pz! 


are determined from the equation 


nom a[1—(22)*] af Me (1 +.)*~], (91.3) 


vinewe Py and 2° are the initial density end velocity of sound in the liquid, 


for which the equation of state is defined by (90.19), A stationary shock 


wave Will pass through the Lidsaié 


k=. | 
Calg, (91.4) 
P=?P, =P, | 


Tic shock Wave will reach the projectile ot time t= .. The velocity of the 
Sones 6 


shock wave is 


’ D] ’ 
since 
a= Cy — Cx, 
then ° 
—7= x: w+ A 
Dg = Ca =Uagt ls and aia Tt a, (92, 5) 


As a result of reflection of the shock wave from the projectile, a 


g3/ 


2ELRUG LUO SHOUK wave ‘ovrigiautes wien procecds to the left The wave is 


ehoracterised by the-eqin... . : 


‘ =(u—c)t +P (6 —Cc),- | (91,6) 


ub +e=un, +és, 
where WD(u—c) is the sume as in tho previous problem (ef, § 90), Here and 
henceforth, for the parameters characterising the liquid, we shall put a 
line above, except for the velocity and tha pressure p . 

At time hae the rarefaction wave passing through the explosion | 
products is reflected from the wall and a wave is originated which is 
desoribed by tho equation - 

umemz, upom Ate, (91.7) 


At tine 4= = _in the seotion 


po yal tat d(22—1), (91.8) 
the simple wave 
U— Cm Hy — C5, bom tte | (91.9) 


originates, 
The rarefaction wave (91,6) moving in the liguid, at time ho in the . 
, ‘D 


section 


= 2122 
* Coy (92, 20) 
reaches the boundary of separation, and tho wave 
X%=(u—c) t+ 9 (u—c), 4=(u-}-c)t+F +o), (91.11). 


originates, whereupon F (4c) oan be found from the obvious conditions 
that at the boundary of Separation the veloaity and pressure to left and 


right are equal, and s a result of this 


_ ae 
ut (91, 13) 


g3r 


However. tha form of tiie Mmetion in cxtrciiely complex (see KL. STANYUKOVICH 
" Non-stabilising Motion in Continuous hedia", ,§ 63), Tae final solution 
will also be extremely complex, since in the newly-originating waves 

@(u—c) and F(u+c). should be taken into account, 

It is of considerable interest to consider the linwiting ‘phose of the 
motion We know that inrref? scted waves the pressure depends slightly on the 
coordinate x and falls repidl; with time. It can be assumed that this sane 
low will be valid in the wave (91,6) and in all succeeding waves, 

First of a11 it is necessary wo elucidate the law of distribution of 
‘velocity inside the liquid. In the limiting state; for too 

2%, and pp, 3 
as a result of thia 
t= xf(t) + 9(t) (91, 15) 


4 = ily == CONSL. (9L, 14) 

are possible. We shall establish whioh of these ywo laws is valid, 
The maximua flow velocity of the products from an instantaneous 
detonetion in vacue is 
Muar == 4 4 Lae (92212) 

Tho liquid will have thie same velocity for the condition that its masa, 
and the mass of the 'projectile tend te zero. On tho other hand, as a result of 
disintegration of the compressed liquid, its maximum velocity is 
Umax = Cg — Cys (91.16) 
Obviously, if ua >Uny » lee if 

t,>0,~bn (92.27) 


then the liquid will move with constant Velocity, since tho detonation 
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proaicts behind will “speed up" the liquid. 

Ae oa result of the fi... mars of the liquid and of the projectile, it 
is necessery, for constant volocity., to obtain oan inequality for the 
velocity of mo thon of the boundery of separation between the explosion 
products and the liquid : 

Uo mx > Ca — Ca (91.18) 
In the contrary case when 
tigmx < Ca — Cw (91,19) 

the velocity in the leading portion of the liquid will be greater, than at 
the boundary of separation and the regime of motion of the liquid (91,13) 
is established, for which u~x. The wave (91,9), propagating in’ the explosion 
products, is aharacteristio in that. the pressure in it is greater to tho 
right than to the left (this is a compression wave). Tho compression wave 
moving through the liquid will "drag away" the particles of liquid to the 
left, recucing their velocity, whereupon this process will be propagated from 
left to right, which leads to « velocity distribution defined by relationship 
(91,13). If m>p+M , the "rousing" prosess of the liquid will begin 
again, which leads to the law desoribed by equation (9L14). If mop+M ’ 
then the flow is defined by equation (91,15). | 

Let us explain how either the conditién 7) >le—t or the stronger 
condition ¢j>Cs—¢s (91,20) can be attained, 


The equation of state of the explosion products has the form 


p= Ago, s 21) 
the equation of state of the liquid is 
p=A(—?))- (91. 22) 
For the explosion products wo write 
p= Bye (91, 25) 
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ond Tus tue Liquid 
p=B(e—d). (91, 24) 
At the boundary of separation between the explosion products and the liquid . 


Pa=Pa° « 
In the case 1 =M—>0 , the pressure in an infinitely thin layer of 


liquid will be 


= pd 
pa (91, 25) 
A 
Thorefore 
B(e, —ct) = Boch. 
whence 
a= Bo +7. 
i: ed 8 (91, 26) 


The condition that Cp> dete gives (cyt a)? > Fo ot + ot » Whence 


3, G1 +2) > (S2—1)23 (91. 27) 
or 
c ey B, 
8a (+g) >a} 


Sinoe for trotyl 
By=ty 2.107% 245.10 n/seo, 
and for water 


B= E2610, = 18-10 on/aco, 
then we obir*n 


7>5 eye TS 2-1 00. (91, 23) 


Consequently, tho inequality (91.20) for infinitely small masses of liquid 


dc attctncd, I4 cus Ve anciikcd Liat 1 is also attained 

for final meases of licuid and projectile not exceeding certain values. 
Let us pass on to finding the limiting velocities of motion of the 

liquid and of the projectile for the most general law of distribution of 


velocity in the liquid, when 
a= xf(t) +4 (2) 
and 


= - , (91, 29) 
where @ = const. 
For the detonation products, as usual, we take 
usxp(t), p= a (91. 30) 
The Law of Conservation of Mass for the explosion products and for the 


liquid will respectively have the form 


Wat 


ual 


n= f eax > f dx = att, = axgh(t); (91. 51) 
w ' é 
layt wt 


B= f pax=+ ff dx =F (uy — by) =8(%) — x0) f (0. 
u,t 


ut 


(91, 52) 


Here uz and x, are the velocity and position of the boundary of separation 
between the explosion products and the liquid, 4o and. Xo, are the velocity 
and position of the projectile. 

As a result of this, the relationship 


Uy, == Xah (f) = Kot (£) + (f), 


Xp= iO y= POY 
7 ¥O=FO WP EOD=FH* (92, 55) 


Sinoe for t-+co Np tanet and x.=u.e within the aiaat, thos 


4s fulfilled » Whence 


yO=4, o(t)=n,(1—4 (2). 


This, for the exlosian nraduetea 


E36 


ward (92. 54) 


m= a7, (91. 35). 
For the liquid 
== 2 (9 — x) (0, (91. 28) 
w= Xf(t)+ ue (1— Y(t) =u, +f (1) [x — Unt). (91. 57) 


We now write the Law of Conservation of Enercy . 


nie? mD? Mug 
mQ = eT = Ta at pie tdx ty iets ° (91, 58) 


The last term in the right hand portion takes into account the kinetio 
energy of the projeotile; the left hand portion determines the initial 


enersy of the explosive charge, We shall neglect the potential energye Since 
p~p, af pdx, then the intesral forax~ fac moh +0 


for t-»00; 


1 fiede=t fipt)(a ugh) +ugan= 


ut 


= [-g— (Mo + dolla + ua 1) AO Cast) + OM). 


If we introduce J=/(!)t, , then the latter relationship assumes the form 


=F {0 *(u8 +--+ 8) +39 (1 —8) [0 (tp ity) +(1 —0) ug]}. 


Tuus, we energy balance is 
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mQ= sq -s +5 { 0 (us +-notta tua) + 


2 
+ Bulg (1 — 0) [0 (ttn) +1 —0)ug}}-+ 252. (914.89) 
Since it follows from (91,52) that 
f)=3=R 


then it oan be assumed, within the limit, that /(*) =} ‘or that @:=1 and 


. a Mui 
mQ = 2 + (ud + Hote +45) +=. (91. 40) 


4s a result of this, for the liquid and also for the explosion produots 


as +, (91, 41) 
If for all masses of liquid = Uy muy mm. const (which corresponds to 
the onse §=0 '), then 
. mi, (w+ M) ua 
mQ = +. (91,42) 


Relationships (91.40) and (91,42) are determinate. From (91.42) we determine 
the liniting velocity which the projectile acquires ; 
2mQ 
wy=4/ ~——. 
ztete (91. 45) 
In the other limiting case (9L 40), it is first neoessery to find the relation- 
ahtip between u, and % and then to determine the velooity uw ; it is 
obvious that we, 


fo Ay Yo ey Pt 
%o Yea lt am (91,44) 


where po is the initial deneity of the explosive and p, is the density of 
the liquid, Thua, 
0 a] +f —] +a, . 
7s “” (91. 45) 
As a result of this; relationship (91,40) assumes the form 


HE 


an vo 


nue / aa 
waence ‘ 
— ra a 
b=4f a? 
Spat rr pap ll tert pet + M 
or . . 
Jf... ia 
Slams Aone (Sena verieers 
FtulttetD)+Mc poy (91.47): 


Por =u, a@=0 xelationship (91.47) transforms into relationship (92,43). 


We note that the law p= , where. a= const, 1s fidlfilled only for k=3, 


Howaver, if bt > 1 =, then this law is satisfactorily fulfilled also for 
other values of & . 

It is of interest to calculate the momentum of the explosion products, 
of the liquid and of the projectile. Tho total momentum is determined from the 


relationship 
Wat ut 


T= f medxt+ f pudx+ Muy. , (92,48) 
Qo: uf 


Obviously, 


maf “dat f [i+ -0m ee ham 


ma [BS 7) tna uaa) 1 —F(O8) | + May 


or 
fm 2p [ETE 6 Ha (t ~0)] + Mit, (91, 49) 
ai? 6=0, then 
= Ft (HM) to. __.. (91,50) 
If @=1, then | oo 
=e 4+ § £ (tg +o) + Muy, (91, 51) 


which gives, after substitution of Ws Pg » 


Piel aay br \l + Type) +My. (92. 52) 
. Substituting here the value of uo, from (91,47) , we finolly arrive’ at the 


relationship 


a4 / 
Vz Zta(tets z)+Ma+e a lE+e(+3 z+ M (+e). (92, 53) 


Similarly, for the case 9=0 (when w = 0) also), we have 


m. mQ 
=(— +M oo, 
[5 +e lV Lae (91, 54) 
The relotionships derived here give a quite accurate result for determining 


both the velooities and momentum of the system explosion products - liquid ~ 


projeotile, However, for convenience of calculation 14 is more convenient to 


introduce tho detonation velocity D=4V2: in nlace of Q , ond ” fm we 
aw . 
in place of ; then relationship (91,47) assumes the fon 
(92. 55) 
my 3 / em 
Da Tar 
ato ; (92, 56) 


Let us examine the essential difforence botween these two relationships. 
For »=0 both expressions (91,55) and (91.56) are, of course, in agreement 


For u->oo (91,55) and (91,56) give respectively 
4u 1 bm 1 om 
wat 0, Bat V 0. 


If fa = fo and m= p= M. » we obtain respectively 


4 1 6 to lf fs 
° Vt +ibl+ hea <1 $ ; 


In this case the ratio of the velocities of tho projectile is equal to 


SY oO 


¥ TL iZ . ir. v= suv m/sec, then the diffcrence amounts to 

O2 oone m/sec = 400 m/sec, It is qite simivicant. However, for 
p+M>2m, for example for i +M=3m , it does not exceed 100 m/sec and it 
can bo neglected, 

Since for the relationships as qtated, when new 2he +M) ; the velocity 
of ejection of the liquid anigot the projectile does not exceed 2000 n/sec, 
and the limiting velocity of ejection of liquid compressed by a dotona ion 
pressure around 2500 - 5000 n/soc, thon relationship (91.55), ia which the 
distribution of velocity with respect to the coordinate 1a teken into account, 
is more reliable. 

For p+M<c®, At moy bo assumed that in the liquid the velocity is 
everywhere constant and eytal to uo; then relotionautp (91,56) should be usod, 

Hovrever; the airference will not be- too considercblo in calculations, 


asve have shown 
'§ 92. Propagation of Waves in Solids. 


The theory of propagation of weak waves, Longttudinel anti transverse, 
in solids has been quite fully doveloped, Moreover tho numoxous oxpariment:2 
daty ooncerning the behaviour of solids for relatively small dynamio and static 
stresses are accurate, 

The study of the behavour of solids for the large stresses wuich arise 
as a result of explosions has been initiated only relatively recently, and in 
this sphere our data, both theoretical end practical, ave still very inadequate. 

We shall endeavour to develope hore and Javestigate more deeply certain 
well=Inown results of the theory of propagation of strong (non-linear) waves 


in solids, originating as a rest of largo, rapidly Tluotuating oxplosive or 


gy¥l 


other strceasea, 

In contrast from a liquid, which, ofter the rolief of any practically 
attoinable stress, returns to tne initial state such that only the termeraturo - 
of the final state may aiffer somewnat from ‘she temperature of the Initiol state, 
solids posseas a so-called residual deformation; in addition, the very orystal- 
line structure of the solid may be changed or may even disappear at sufficiently 
high pressures, As a result of this, the residuol deformation resulting from 
tension is usually greater than that from compression, 

Even as a result of the propagation of weak waves the effeot of residual 
deformation msy be considerable. Therefore the theory of propagation of waves 
in solids has its difficulties compared with the taeory of propagation of waves 
in liquids, however in many casos tho low compresolbilliy of colddu fooilitates 
solution of the problem 

It is well-lmovm that as a result of the aotion of eny force applica to 
& solid, for examplo a metal, a travelling doformation wave (stross wave) 
originates in it, depending upon the magnitude of this foroe calowlated per 
unit of surfaco, i.e depending on the applied pressure, the wave will have 
a different intensity, 

As a result of the refleotion of waves from the free surface of the body 
or by relieving the stress, new waves originate - strass relieving waves. | 

Nowadays, in order to’ solve some of -the principal theoretical and techni+ 
sal probloms presented by the necessity of investigating the question of the 
\otion of very high pressures on metals or other solids when strong waves 
riginate within these solids, and when the equation reiating deformation and 
itress does not obey Hook's Law, The dependence of the density of the body on 


he pressure or deformation as a result of ihc stress only obeys Hook! g Law 
. A 


S4¢L 


tenvn 


for prossures( deformations) which are not very larce. For rreassures of tons 
ond hundreds of thousands of atmospheres Hook's Law is quite applicable. For 
a numoer of solids the slope of the curve (o= js) ic decreased in a certain 
region as a result of commtession, For pressures of the order of millions of 
atmospheres a solid body actually becomes quasi-iiquid and even gaseous, and 
in this region of pressure p~ y Where .1 is the index of polytrony; 
within tho limit this index, for still greater pressures, tends to a value of 
n nw - (Pig. 246). If the laws of propagation of weak deformation have been 
well investigated within the limits of applicability of Hook's Lav, then the 
laws of propagation of strong waves of stress and stress relief; when the body 
is in a plastie state and it 1s necessary to take into consideration the com 
pressibility of the material of which the body consists, have been studied in 
insuffioient detail and reliability 

As a result of the detonation of high explosives near the surface of ary 
solid obstacle pressures are developed which are capable of severely deforming 
a certain wlume of the material of which the obstacle is composed, As a result 
of this, a powerful compression wave passes through the material of the obstacle 
in the initiel stage (a loading stress wave). Since the pressure of tho explosion 
products falls rapidly with time, a rarefaotion wave passes through the material 
of the obstacle (relief wave). 
Figure 246, Dependence of Index of Polytropy on pressure, for a solid 


end a gas (system). 
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Ye shell concider the prowlua oF vueedisensionaL stress-Loading and 
relief of waterial of the obstacle. 

Tre basic ecuations, toting into account the chanre in density of the 
material of the obstacle, have tho followine woll-knorm form in Lagrance 
coordinates : 


Ou, Op Ou: Or dx 
a RO TRB A GP (9 


where « is the velocity, o is tne pressure and uv. is the specific volune, 


A =Jrdx=f ax, (92, 2) 
i) 0 
where A is the mass of the cbstacle material (Lagranze coordinates) ; 
po and # are the initial and transient density of the material, xo, and # are 
the Lagrange and transient coordinates, ond { is the tima . 
The pressure and specific volume should be conneoted by the relation= 
ship (equation of state) 


” p=p(v); (92,3) 


for this, it is assumed that the entropy is always oonstant, since in solids 
aid liquids for pressures around 108 kee fora" tho entropy changes but little 
in practice, even in shock waves. 


It is usual to introduce into the theory of elasticity and plasticity 


the tension 
a= —P (9304) 
in place of p ,and for vw! the defornation 
em St fe, (92. 5) 
Ts, equations (92.1) and (92,2) assume the form 
du ds du ise Ox 2 
, 8h Ry HT: (92, 6) 


gd 


Morcuves, 14 45 wcccssaky Vo iow tic Pela ituuship 
— Oo 7) 
o==a(e). Oe 

Pirst of all we shall find the particular solutions of these cquations 

Assuming tnat uw=ulp) or that u=u(e) , we arrive at <.c following relatiore 


snips defining the particular solutions 


_ __ 
hal —Lt+F(p), du=V— apdo= Vf — 2a, (92,8) 

or 
b= we t-+F (0), dua BH a de. (92.9) 


If the relationship betveen p and v or c and ¢ be given ap.roxd- 
mately by the exmression 
p— po A(v—a)", (22, 10) 
or 
0,— 0) = B(s —s)~*, (92,21) 
where k, A, Po, 90, €0 ond B ava constants, then it is easy to find the 
general solutions of the basic equations. These solutions have the rost 
simmle form i? hott » whore n=—], 0, 1, 2,...,00 ° For the 
purpose of obtaining a practical solution to the series of problems, it is 
sufficient to choose n=—1, thea k=—! (for pressures wa to 10,000 ke/on” 
in the case of motals, ond 
P—MD=Al(v—a4), ¢—%=B(e— sf), (92,12) 
vhich gives Hook's Lay, For n=O») k=3 and 
—p=Aw—a), o—y=B(e—s)7 (92,13) 
vwaich establishes tho relationship between the tensions and the deformations 
at high(up to 10° kp/em?) pressures, acting on metallic or roel obstacles. 


We shall find first of all tho seneral solutions for an aporovima tlio 


of the equation of state (92.10), Since 


BYS” 


Op Op dv __ Ak 
th Ov Oh! (92,14) 


on dv Oh (u—alk*!’” 
tren, D7 reversing tho ¢ ordent ant independent variables in equation (%2. i) 
we armive at the ecvations 
Oh Ak Ot of oh 
ae iar’ wa (92.15) 
v (vu — a) Ou ov Qu 
“lo now ivtroduce the " effective’ velocity of sound 
ako! 
—_— u-—e 2 
wo = 0; ( —, ) , 
1 
woere 
vi-a vj ee 
wp Cj tl V (pi — Po) (0; — 4 
1 ) U5 , 1 via (pi Po) ( i ), (92.16) 


here U3, Pi, Ci 9 and w; are tie initial volues of 1 P,¢ 9 and wo e454 


result, the equations in (92. 15) assume the form 


du 2 a at | 

de TF 1 Pi ip) a= | 

oh , k—?} oe ot 7 
setae iei(sr) =O | (92.17) 


wmere pj is the initial density. 


Y 


Hence, eliminating A , we arrive at tne ecuation determining ¢ : 
3 =] 3 = 


(A+) [ics elie (92,18) .., 


2 
rv. bet p das es ok . Q2n+3 
Ts solution of this ecuation in the case wacn k= 41° 


for n=—l, 0; 
L,2geceeey N iS, as is well-iciovm (see para. 25) : 


p= IF VIR E NE +a) Pa(V 2G TE — u)), (92.19) 


2 


where i= Fai 


Knowing that t=1t(i*; u) = t(a; u) » we determine A =h(w; 4) 


De 2 8 2 2 a2 
=fom (92, 17) > Which elso solves the vrobleom of finding the genere1 solutions 


6 


is the effective enthalny. Fi and F,-are arcitrary funetions, 


of the system (92, 1). 


In the case wien a=—l, k=—!1 


t= F,(w +n) +F(w—4), 


A= pie; [F; (w--2) — F,(w ~u)], - (92, 20) 
waercupon 
v—a ~ —a pe 
wa ay oe cA = ESS VR a) io). (92, 22) 


Henoe it is easy to find 


w=, (h + pie it) -+ ©, (k — pieyt), 
w=, (A+ pieit) — 9, (4 — cyt), (92, 22) 


wnere @, and ®, are new arbitrary functions, 
In the case when 2=0, k=3 


fame Fen ta) + Fa (9 =) 


on o\2 Of pecew , 
wane (SG) aA 


vihivreupor 
waruj oe afi =F VIG A) Gia) (92. 24) 

Similar speoial end general solutions can also be found in the case when the 
basic equations are expressed in Euler coordinates, 

We shall show first of all that the transition from one set of coordi~ 
nates to another can easily be carried out, Imowing that us (FF), ’ hence 
by the well-lnwowm exprassion u=u(t, A) » it is easy to find on inteprating 
that x =x(t,4) and to determine 


u=t(t, x), w=su(t, x). (99. 25) 


iqwation (92,1), in Buler coordinates, will have the form 


Ou 1 op 
get4 rca p ov = 0, 
dlnp 5 Inp oe . ‘ 
a aay = (92.2 2, 


LY 7 


ou ou e+ 1 de 

Ort ox = y ox? 

oe 0 Ou . 

be seHe tng. (92, 27) 
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As a rosult of this the soeciel solution will be 


X == (occ) t+ F(z), (92, 22) 
di= V—ap av, 
dp 


di is the velocity of sound, or 


where ¢= 


xe [ure+ VS |t+Fe, } 


dods “do (92, 29) 
du he = pode 2% 


whereupon 


The general solutions have the form of equation (92,19) ; thus, 


ot 0 2.5 
xaat—St, tat, (92, 50) 


where 
$= SIA (VEQn FF +4) +A (VIA 1)F a), (92, 52) 


The relationship betveen +. and 4. cen again be rouud from the rehationship 


uo (3) by intograting it for the specified initial o2 74" ‘ons. 
h 


Concerning Certain Motions of Material, os a result of Stress Loading 


and Stress Relieving, Suppose that a column of material be exposed to a 
ovreca 3 as a recult of. this a simple wave passes throurh it, described by 
the. special solution of the basic equations, Piret of all we sholl assume t:at 
the extension of the colwm is unlimited, then we shall consider tho end of 


vnc colwm end ve shall study the reflection of the sinple wave from its ead, 


LYS 


- J. 


: 2 ‘ 1m Pag an we Db de wat pen de te», ae atest Jo det, et ses me 
If the simple wave coes from le?t to rirat, Suen wi arrive o% the sollvion 


A=s— f—-# —t+F(p), nV ie (93. 52) 
Knowing for A=0 (% =0) the lew of sppldedbility of the force p=f(t) 
om t=o(p), , we determine Fip) =—9(p)] ze » where v=v(p) e 
Trys, the solution takes the form 


“a “Both =f — Zao. (92, 53) 


Por the equation of state 


P—-iPp= A io —«)™*, 


dp 5 - pa 
— <2 = hA(v a) t = pA P= Po\ k 
oO C5") (92 54) 
and the solution of (22,53) can be written in the fora 
parV hat [P— Po) F +const, 
ket | (92, 35) 
h=y/ * (p—p)™ [t—o(p)]. | 
at 


Since for p=p. » u=0 , where p, is the initial pressure in tie material, 


<hen 
i ket 
2 k=1 2k 
“=p RAR lwo Po)? m — (Pa — Po) } (92, 58) 


Let us consider the case of aynlication of an explosive stress, i,a we 
shall assume that a strosa(pressure) is ayplied momensarily to ‘ne material. 
of the obetacle and that dt ds gradually removed, 

It 3s well-imowm from theory and from experiments that we ern assuzs, 
with a hich correo of acournay, that | 


E 
p= re (95. 57 ) 


vnere B=const, r= const » woich gives 
1 


‘ B’ 
(Pp) ==. (92,53) 


Henec, the solution oF the Given problem for very hish pressures in tie medium, 
where oe <0 , W811 have the form 
— het i \ 
k wT B\7 
rf Flow -Gy]] | 


Ak : 
Oo 2 

2 1 k-1 kel 92. 39) 
b=FZI1 kA* ip— po) ak — (Ps— Po) tk |. 


Since at the boundary for u>0 p= =. » *hen 
1 B koa k=1 
: 7 bos a 
wate kV ea [(2 2)! — (Pa Po) ™*"}- (92, 40) 


Hence, 


i k-1 k-17. 
VY ~ B Tm * 
cag eat f[(2—p)* —(ps— Po) ™ | at-+const, (92, 41). 
end the constant is determined from the condition that for x=0 , t=1 y 


i.ce motion commences at f=t. vhen 


P=h\i=—>- (92. 42) 
It is obvious that initially x increases, then for the condition that 


u=0, Le for the condition that p=m , 


or 


ot 4e(Zy, 


(92, 43) 
and the value of x tegins to decrease, For (f=t, 
—rsrt kel 
; t u B — kel 


le shall now calculate the imoulse which is imparted to the medium ; obviously 


this impulse is determinca ‘by the relationship 


. 


: BSD 


i 


i= Sf] pata aie * Fee, (92, 45) 


lan = jer ta [1 (2) |. (92. 46) 


A dcfinite relationship exists between 44, and /ay » 


For large initiel pressures the value of py is untinsportant, therefore 


eager a 


ate ae 1) ke. 1 
poe 
— ] Pj 


(92. 47) 
Here we shall assume that the quantity (k— Noe! #0  . In the 
contrary case the dependence of x on ¢ will be logarithmic, 


Farther, the quantity je can be neglected, and so finally 


2 i 8 
Xnex = FO kA‘ ——_—___—_________ 
me aT r we (hena’ 
[%e—1) gp — 1] om 
— 58 
Henoe me (eT 
? 
Xmax 7 /inax! (92,43) 


iG we arrive at the fundamontal conclusion that the magnitude of the compres- 
sion is proportional %o the magnitude of the maxdmm impiilse of the compression, 
If the stress loading wave passing through the body is reflected from a 


more rigid obstacle, ‘then the reflected wave proceeds to the left and, on 


reaching the end where the load was previously applied, it is reflected from 


gS 


this end. If there is now no load, then cavitation phenomena may be observed 
in the material, as a consequence vf the tensile stresses arising as a result 
of tnis, If tie load still remains, then these phenomenz will be weakened or 
will not te observed .« all. 

As a result of the action of an cxplosive loadins, shottering of the 
material should be observed in the process of its cormression; it can be 
assumed that the greater the impulse loading the stronger are these shattering 
effects, A vartial cut nevertheless strong reflection of the compression wave 
will also occur ton the boundary of destruction 

the, rarefaction wave, Lormsed on arvival of the reflected compression 
wave at the open end, vill contribute to the ejection of shattered particles 
of the nedium If the load be veroved slovily, tren tis ejection will not be 
intense, On rapid removel cf? the load, on the comtram:, the viiole of the shat~ 
terc2 regis: may be scoured of fragments of the mofiwn 

Ss, as a remit of an explosion in air, despite the fact that tho 
impulse is less than for en explosion with an equeais "ram", the overall depth 


of the depression in the medium may be larger than for. an explosion in water. 


§ 92, Elements of the Theory of en Explosion 


in the Ground 


The study of the propagation of the explosion products and of the shock 
wave in the ground is an important theoretical and practical problem The 
conditions of propagation of the explosion products in the ground, despite 
the fact that from a density point of view earth differs but little from water 


or any other liquid, differs sharply from the propagation of explosion pro- 


cucts in liquid media, This is associated with the porosity (discreteness) of 


$s 


the ground, 


Actually, as a result of compression of the eartt. adhesion of the 


fm eet la a a det “ 4 : 5 dan 
incivivusl vorticles takes place at first ty which increases the bulls density, 
ond then leter av culli nigner presse Che ter ae 


of Wivie: the ground is composed Siv.ce whe porosity of tie Ground is consider= 
atle, then in ground saturated with water , the coupression, as a consequence 
of varticle adhesion may be considerably greater than the normal adiabatic 
compressions 

Also, dust as for an explosion in a liquid, the zone of significant 
adizbatic compression of the ground is extremely small, end for an explosion 
in an unconfined medium it does not exceed 8 = 10 times the initial volune 
of the explosive as.a consequence of the ranid drop in pressure of the explo~ 
Sion products. 

Compression or the ground, occurring as a result of elimination of its 
porosity, takes ylace.even at relatively small pressures, of the order of 
hundreds of atmospheres (for typical soils) and consequently involves a 
considerably larger zone, of tne order of several hundreds of times the 
inttial volume of explosive. . 

This, at distances of to- three charre radii (taking the explosive 
charge as a sphere), where the adiabatic compression of the ground is nesli- 
Gible, up to a distance of 7 ~ 8 charge radii a strong change of density will 
be observed after the passage of the snock wave, The chenze of density will 
be irreversible whereas. in a liquid medium after relieving the pressure, 

ne density of the medium assumes its initial value, It is precisely these 


circumstances, associated with compression of the ground, which also make the 


problem of propagation of theexplosion.products-in the ground. different ite .-is 


* : GS2 Ract Aviatlahkin mA _._. 


Tawa the sac protien for Liquids 

We note also that for an explosion in the ground a considerable part 
of the explosion eneryy is expended irreversibly on crushing the particles 
of soil and on heat. The greatest part of the lost energy will be expended on 
the creation of irreversible deformation of the soil (in a liquid medium a 
similar foxm of deformation is absent at smoll pressures, but at high pressures. 
part of tho energy goes into dissociation). The presence of similar, irvever- 
sible losses determines to a considerable extent the radius of the destruc- 
tive effect of an explosion in the mound. 

The magnitude of these irreversible energy lossea, expended per unit 
mass or volume of earth, depends on the pressure and falls with decreasing 
pressure, Tor small residiol pressures the energy losses are insignificant, 
which leads to the nossibility of formation of? weatt compression waves, remiii~ 
scent in their nature of seismic waves, dowever, the energy of seisniic waves 
is very ansimificent in comparison with the initial explesion enercy. 

Let us pass on to on account of certain theoretical pronciples of 
propagation cf an explosion in the ground, 

The connection between the pressure and the density in the compressed 


products of a ground explosion 1s expressed by the following relationships ; 


for’ P> Porgy = 0-22 i (95,2) 


Here, po is the initial density of the ground, po is the acnsity at a pressure 
P. Pertg is the critical pressure for which the Ground ceases +o be porous. 
The quantity ¢ is a characteristic quantity denending on the properties 


of the sround and on the pressure 9 ond it can be determined in the follone 
‘ AQ 


ie a 


manner, Ist the Geusiuyy of tac ground in the natural state be 


fo and Iaiovm to us 3 let the density (averaze) of the soil particles be pr . 


Then the auxiliary quantity ¢.is detexmincad by the Obvious expression 
fo 


= 


P1. 
for the condition that we do not assume adiabatic compression of the soil 


particles, In taking into account adiabatic compression and introducing ‘the 


coefficient of compression §= A » We arrive at the relationship 
0 


for detormining the value of ao, 
Tic process os shock wave propagation (compression wave) in the ground 
as a result of expension of the detonation products may be represented as a 
process of propagation of the zone of compression of the ground; behind the 
snook front tho cheno of dornsity of the coipresced coll will bo of o puraly 
adighatio nature, Tho change of entropy behind the shod front can be neglected 
for the reason that in any dense medium the thermal component in the equation 
of state for that medium is small in couparison with the "elastic" component 
of the pressure. 
Tho parameters of the front of the propagating shock wave are deter- 


mined by the well-lnovm relationshis : 


D= a Pag Po 
oT Uy. (93.2) 
ai = (P, — Po) (a VQ) 
(tor P> Pus) 


Here D, is the velocity of the shook front, uv, 41s the particle velocity 
behind the shock front, p, is tho pressure ot the wave front, vs is the snecitic 
volume at the wave front and yp, 4 are the initial pressure and specific 
volume. 


om 
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Knewing the wWartity a9 = ra » Ye con write tuese relationshins 


in the form 
Py. Pom PoO% (1—4), #e=(1--0)D,. (95.3) 
whence it follows that 


2 
u . 
P,— P=. (95.4) 


— da 


Neglecting the adiabatic compresaion of the particles of earth in coz 
parison with the compressio. for eliminating its porosity, a theory oan be 
postulated concerning the propagation of shock waves in the grounds. We shall 
consider the propagation of 2 shock wave in an infinite mediun. ~ 


For this purpose we must integrate the basic hydrodynamic equations 


yp un, + & =0, 


b+ itpy + put, + “24 20, (95-5) 


for both the expanding explosion products and the modium in which they are 
propagating. 

At the boundary of separation between the explosion preduots. and the 
medium, the following boundery conditions obviously apply in the first phase 
of propagation of the explosion products 

P= Py (95.6) 


ar 
y= 


where p, is the pressure in the explosion products, p, is the pressure in 
the ground, -u, is the velocity in the explosion products and u, is the velo- 
oity in the ground. 

At the shock front, which in the vicinity of the explosion source may 
be assumed to be strong and therefore po oan be neglected in comparison with 
the pressure: p, , the following conditions will be attained 

P, =P, (Ia), #,=(1—a)D,, D, =F. (93.7) 


As a result of the expansion of the detonation products and since the 


gxG 


process: ot compression of the ground association with the elimination of its 
porosity is practically isreversible, the position may ultinetely be reached 
wacn at the boundary of seraration betyveen the detonstion procucts end the 
ground, the pressure is quite sirvoll and furtines motion of the (round wall be 
inertial; as 8 result of thic, the limiting conditions of equation (95.6) will 
fi: ally be formally achieved, but they will no longer be taken into conaideration. 
In consequence of the. fact that the mass of earth set into motion behind 
the shock front very rapidly begine to exceed the mass of the explosion pzo- 
dicts, the rolloving simplified concept of the expansion of the detonation pro- 
ducts can be epplicd. First of all, it can be assuued that the detonation tools 
Place isstantancous.y and consequently wa can consider the exoansion of the fas, 
as if at rest prior to .2::nencemant cf camansion ond oceupying e volume equal 
to the initial volume of the e:mlosive, end deocndly it con be ascumcd that at 
the boundary of separation between tie detonation products and the graind, the 


condition 


_ jo? 
Pe Fom Vr)» (95.8) 


is fulfiiled for the detonation products, where P axph is the initial dena ty 
of the explosive, fo: is the radius of the explosive charge, r‘is the present 
distance of the boundary of separation. Relationship (€3.8) follows from the 
Law of Conservation of hiass. Since expansion of the explosion products is isen- 
tropis, we obtain from this relationship for the pressure at the boundary of 
separation 
| Pr (75 y=(2 ea 
P,  \P oxpt rj)? (93.9) 


D3 : : . 
con is the initial pressure of the detonation produots and D is 


where p;= 
the velocity of the detonation wave. 


If we suppose further that the ground, after elimination of its porosity, 


$$? 


is incompressible, we are able to integrate immediately the system of equations 


in (93.5). The solution will have the form 


ur =f (0), ) 
—o9@) f/ ft 5 
Pp BO me (93.210) 


The gencrol solution of (95.10) depends on the two eroitrary functions 


f()) and .9(f) 3; these arbitrary functions can be determined from the con- 


dition _ at the boundary of separation (93.6) and at the shock front (95.7). 
Since =e, at the boundary or separation, then by transforming 


the solution (95.10) and taking into consideration that f=r’r, fem rir 4 2r77, 
we have 
Pmt pa Spi yy May, 
Py . 2 dr 2 (95. 11) 
Substituting the value of the pressure at the boundary of separation frau 
(98.9), we finally arrive at the following equation determining the law of motion 
of the boundary of separation : 


du? 3 u? 2p, é _ 29 Fo 


dr r fo Ve poo ro (95,12) 


Tris equation could be integrated if we Imow the form of the arbitrary “Sunction 
@=9(f) 3 however, it can be confirmed in advance that sinoe the process of 
compression of the ground, associated with tho elimination of its porosity, is 
irreversible, then over a period of time or with increase of the distance tra- 
versed by the boundary of separation, this function decreases and, within the 
limit ( for roo ) tends to zero. 
We can write the solution of equation (95.12) in the form 


r 2 pyfr\* 2 vA 
2 AO) 2 pe 
wea (2) iy fe@rar: (93.15) 


re 38k 1) 95 
the constant A is dotermined from the condition thas r=fo, u ==; 


(uj is the initial velocity of motion of the ground). 


BSE 


Analysis of this solution shows that with a sufficiently rapid decrease 
o: the function oa(/) , the velocity 4 of the boundary of separation tend& ta 
zero only for fo , 

Tne mere precise selutiun to tae problem woth tne simultaneous application 
of both boundary conditions, which enables a competiole determination of the 
functiona o(f) and f(!) to be given, is of no insigniticence , since at large 
distances from tne explosion point, as we nave showvm, a considerable portiam of 
the explosion energy is irreversibly expended on heating up and deforming par 
ticles of earth, and the basic equation = namely, the equation defining the Lay 
of Conservation of Momentum - ceases to be valid, since we: have not teken into 
account the eppropriete dissipatave torees in it. 

We shail continuy the solution of the problem with the escusptions made 
avove, and we suall detezmine tue law of motson of tue anecl Trunt. tor tris 
purpose, first of all assuming simply that 9(/)=9 we ahall determine the 
form of the arbitrary sunction /(f). 

wne assumption that o(f) = 9, is quite valid, since this arbitrary 
function is amall in comparison vith the pressure in the vicinity of the explo- 
sion source, and it decreases sharply with increasing distance. 

Since u=-57, then 

3f(t) dt = dri, (95.14) 


From equation (95.13) we have, for 9(t) =0 


Ps 2 a a(k-1) 
ay, ke a Oe . 
“ HT Ea eat (*) |. (95415) 


Hence we determine 
f= uiry toga ee _ (2), 
—=1) 9 ; 
where — . 
._-———_— 
r= 3 ffioae, 


£4 


which, after sliniuawng * aid sviving tne equation,gives tne torm of the 
function f(/) . 
We now determine the pressure and velocity in the shock wave zone propa- 


gating in the ground : 


, pot of of 
Fart (95.16) 


Since at the shook front 


Pu = tots (95.17) 
end, in addition, 
te =(1—2)Dy, De, 
then, on the basis of equation (95.16) we have, for “e=R 
/_f dR\3 (95.18) 
tH (1—9) (F)» 
C-\ =a (95.19) | 


The non-correspondence in the form of the two equations is explained by. 
the fact that we have neglected ¢(/):. 

These solutions also determine the law of motion of the shook front. The 
solution of either one of these equations can be carried out mmerioally. 

Before dealing with the analysis of the results obtained, we shall con- 
“ gider the effect of the dissipative forces leading to the irreversible energy 
losses. We shail assume that tho magnitude of the irreversible lost energy per 
unit mess of the material of which the ground is oamposed is proportional to the 
energy density at a given point of the medium, 1.¢. we shail assume that 

Ae = — fe, (95.20) 

where « is the energy density per unit mass of ground, and & ia the prapor 
tionuli -y coefficient. Nuare , we can write the Law of Conservation of Energy in 
the form 


E=£F,—é sAnrtp ar, 
° J ° (98,21) 


G6O 


whereupon 


4 arts 
This, 
ane, 
which gives 
£=(2). (93. 22) 


Here £ primarily determines the energy of motion of the medium, sinoe 
for an adiabatio process the internal energy of the slightly-compressible 
round oan be neglected, 

It is obvious that for a given law of energy loss, the Icinetic energy of 
will deorease with inorease of mass of the moving ground. 

For the ultimate solution of the problem concerning motion of the ground 
we shell effeot one further simplification, which however hardly affeots the. 
accuracy of the result obtained, namely, we shall write the expression for tlie 
velooity of the boundary of separation in the form . 


where _ 
Pr 


— & Se 
Ao = 1+ 3(e— 1) i 


(95. 23) 
/ ak 
i.@ we shall neglect the quantity (=) : dn expression (93.15). 
It is easy to convince «neself of the faot that as a result of this the 


arbitrary funotion of time f(t) can be written as 


whence 


1 


where 
1 


B= ria *. 
Tt is not difficult to see from this that the law of motion of the 
boundary of separation will be deterruined by the relationship 
= V iBi +const, (93. 25) 
where the constant is determined from the condition that f=*. for .r=toe 


The law of motion of the shook front is determined by the relationship 


——— 7 
. 5 B 
R= fs = £5 +-const. (93. 26) 
Here the constant is determined from the condition that teat for R=N . 


Using equation (92.25) we find 


r 1' 
= —— eee 2 
Ree t(! ~~ 77S): (05,27) 
On the other hand, 
a 
aR e545 
a “R  5Re 
whence 
a 
Rew Bt® 4-const. (95. 28) 


We obtein relationship (94.27) from the formula detennining the velooity 
of the medium and equation (92,28) from the forma determining the pressures 
the lack of agreement between these tvo formilae, as we assumed above, is 
insignificant, which enables us to assume that gif) =0. 

We shall now calculate the circumstances such that the compression wave 
Will be propagated with the velocity of sound(in the given medium ) at 
considerable distances, The veloolty of propagation of the com>ression wave 


can be written in the form 


De = pts ta aR, (95. 29) 


where 1 


ond 2+ iso wow accurate than the corresponding expression in forma (93,5), 
where we did not take into account the elastic proverties of tne medium, 
Thus, the lew of motion of the front of the compression wave WLLL be 

expressed approximately by the relationship 

R= ji is + est +-const. (93, 50) 
It ig essential to note that the length of the shock wave or the compression 
wave inereases considersbly with distance at lerge distances from the site of 
the explosion, By length of the wave is understood the interval between the 


wave front and the t undaryof separation between the wave and the explosion 


products. The wave length 


i= Rr (r—)[W pe i]+ er (£—4). (98, 52), 

We now note that the motion of the shock wave has a similarity solution 
nature, as a result of tho approximation we have made; the law of motion of 
the wave front in the vicinity of the explosion souroc, corresponds in accu- 
racy to the law of motion of the front of a strong air shook wave from a point 
explosion source, the theory of which was, in due course, developed by 
L.I, SYEDOV and K.P.STANYUKOVICH, 

The relationships found by us for the velooity and pressure may be 
finally presented in the following manner ; 


ale 


Bi 3 5 
wey Ge BA (98, 52) 
0 


These relationships oan easily be intexpreted physioally. Actually, 
neglecting adiabatio compression of the ground, having already lost its 
porosity, it can be assumed that 221 the energy of the explosion is exoended 
vn imparting to the ground Irinetio energy and on its irreversible deformation 


Neglecting for the present the energy losses on irreversible deformation, 


5B SB 


it is cusy Ww weite tue followings encrgy balance, based on the Law of’ 


Conservation of Energy : 


Ey= Mu" , (95, 53) 


where |. tap” is the mass of the ground, 
Hence, it is obvious that the average velocity of motion of the ground 


is determined by the relationship 


~9 2Ey 
iam 4 , . 
F py R® (95, 34) 


which corresponds to formula (9%, 25). 

We now come to the determination of the momentum of the ground moving 
behind the shock front For thts purpuse we find first of all the relationship 
betwaen the energy, mass and momentum ef the ground 

Since for any given instant of time the velocity of motion of the 
ground behind the shook front is determined by the exwression y= oo 3 


and the energy can be found by means of the integral 


.] ag 
8} 4nport BR . 
Eye f ee ap = S8 ampg [rt — RH, (93. 55) 
r 
then the momentum 
aR 
v2 
lo= By f° 4mpy Ty dr = By 4np)(R—r) ‘ (95, 56) 
ta 


can’ be represented in the form 


1 Soup PP 
Io== V 2ME, (IF). (95.37) 
“In the case of 9 statiousry vrocess » the momentum is determined by 


the relationship 


bag = VOME,, 


We denote the ratio of the momentum for non-stationary Plow to the 


momentum for stationary flow by 6, thon 


$64 


Om z() —): (95, 59) 


Since R=ai(r—re) +0: (£— 14) -beras (a) + I)r-, eae 


a 
r=Byt?, 
ynere 
‘aay en 
then 
gm ~rlayr eal) oo 3 
. Verte weale af 3 ~t "0 =r “y, . (93, 40) 


This ratio is decreased according te inorease of distance from the 
poiat of explosion. 

Relationship (93,37) can only be used for the condition of completely 
total expansion of the detonation produsts,when the residual eneryy of thie: 
exmlosion proéuots is smell in comparison with the initial energy, and this 
will correspond to distances greater than 8 = 10 initiel charge radii. For 
smaller distances, the energy transferred to the moving Ground is deternined 
by the relationship 


k-1 
‘Po \ ke 1, \3 Km 
B=6/1 ~(3i) at —(2)°"]. (98,42) 
As a result of this, the momentum of the detonation products is 
! iy/ 2M, Fa r ) , (95. 42) 
—_ 4 1 
where Mit Teale is the mass of the explosive charze, 


Ey = Mo (Q is the energy per unit mass of explosive), 
The total momentum of the ground and of the detonation products is 


eacusl to 


[= 0)/ 2ME.| 1=(2y"| 4 3y/ 2M, (22) 2ME,( 22)" 
oo a (93, 48) 


The quantity @ , characterising the non-stationary nature of the motion of 

the detonetion products, can be assumed ta be equal to 0.80 = 0,85, in 

accordance with the results of the theory of non-stationary motion of & Ase 
The totel womentam arriving at 1 om? , ata distance + from the site 


of the explosion, is determined by. the formia 


i= ma VOMEs [e Vi-(ayo" —(2) i Wa]. (93, 44) 


2 


In order to determine the flow of moment vassing through 1 am” of the 
surface of a sphere of radius “% the following procedure can be carried out: 
since the momentum for a given energy is proportional to the square reot of 


the mass set into motion, then the quantity /°1e8 determined by the - 


relationshin 
yf om. E fy a. 
roe Maal (1+ tas) 
= 4nrd , (98, 45) 


where the coefficient &, assuming non-stationary motion and depending on 
the velocity distribution in the medium, oan be taken as equal to 


E= £,—AE, 


for distances of r>(5—8)r . 

In order to defino forma (93.44) more acourately, which determines 
both the momentum of the medium for a given instant of time and also the 
flow of momentum through any given eurface, it is necessary to take into 
account tho irreversible enermy Inasas. For this, 1% is necessary in (5%, 45) 


‘hat by the quantity of energy one should understand the total energy of the 


966 


meéium for a yiven instant or tame or fer a given distance: 
“oo r —~*) 
ray F(z --%): (93.46) 
yweere AE is the irroversible energy losses 
at’ 
Assuming in equation (95,22) that E = Ey(—?-) » We arrive at the 


following relatiomships : 


VEE [Vil eV Ey), (9087) 


pe VINE, (2) TO 4 Hom (93. 48) 


dart 
In these relationships, the quantity & ,whiah characterises the ex tent of 
the energy losses, is indetorminate, If we suppose very roughly that b=7, 


we arrive at the following results : 


(BE (9 VT], 


(95,49) 
» VUES (r\t |, Mop . 
f= (2) 1457 (93. 50) 


It is kmown from experiments that at relatively large distances from 
the alte of the explosion, exoseding (8 ~ 10) , the impulse acting on any 
obstacle at a distance r from the site of the explosion, is determined by” 


the relationship 2 
° _M 
‘ fxsp= A 
(93, 51) 
Since at these same distances 
3 
ate R=) Gg (t0\F 
OB) (93, 52) 
. = c 5 wa 
vhere @= GAZ 3a, / » thoa relationship (95.48) assumes the form 
. ae M 
p= (a) 1 ae + Hes (95, 55) 


Goniormance of the experimentai and theoretical formulae in the sense 
of dependence of the quantity on distance will occur for g=+ » Whicr 
is eqial to the value which we have taken, However, there will be no agree- 
ment of the dependence of the quantity on Mey, as.a result of this, 

Tris non-conformance snould be related to the not entirely accurate 
determination of the ioqpulses, and olso to the fact that as a result of the 
reflection of the materiol from the obstacle , becouse of lateral epreading, 
complementary lateral comoressions of the modium may take place, which involve 
the apvearance of the destruction wave around the obstacle. This will reduce 
the magnitude of the imsulse more considerably for large charges than for small 
chargece As a consequence of this, the experimental dependence of i* on. mM, xpi 
will be more feeble than will the theoretical dependence. 

Let us pass on to a few numerical determinations of the momentum of 
“the medium behind the shook front. Neglecting the lateral compreasion of the 
grouna near the obstacle, it is ersy to see that the Ampullsive loading acting 
on this obstacle will be equal to double the momentum of the medium behind . 
the shock front. | 

On the basis of’ ihe well=lmown results of the theory of an explosion, 
forma (93, 55) can be used to determine the impulse at distances greater than 
8 = 10 charge radii, 


We now write this formula in the form 


saa" 
a 
c= 14 (4 F V 14% +3 Maxp 2 teed 7, =| r es 42) 


Poxpl (98, 54) 
a) 
Subs tia ting in it 6, ; 3 8" Poztas Poxpt= 1.6, Q= leal/z = 


exe/as we have; for: ae 'y in the 0GS system of units, 


BF. 


s Se as 
it =2 16. 10M f a( for ==), 


93. 55 
t= 16- 10M os? (for §=0). (95, 66) 


Up to now we have essumed that the whole region between the boundary of 
separation and tho shock: front is occupied by mowing ground, however, as a 
consequence of the Pact that the pressure inside the ground falls with 
dncreasing distance » retardation of the rear portions of the moving ground 
should be observed, down to its complete cessation, i,¢. sooner or later 
breakuay of the shook wave from the detonation products should take plece, . 
In the around this phenomonon should be som~what more characteristio than in 
it Indeed, “the zone sédiere. the rround is retarded will apvarently be trang= 
mitted with variable veloelty and tha wave length in the ground will not be 
constant, In the limiting ease, just ax ia «ir, assuming that the weve length 
is oonstant and neglecting the irreversible enorgy losses, we arrive at the 


following relationship 


oat (94. 56). 


where A = const, Tolcing inte account the losses as before, we can write thts 


relationship in the forn 


é (93, 57) 
where 4 = conste 
The divergence between the experimental and theoretical rele tonsintos 
eoors mas f o1 i i 
cours mainly for the dependence of the impulse on the charfe weight, 
_ We note thet in deriving the velationship deter 


iiaiag the momentun of 


the grounti, we do not tako into account the internal Pressure, Actually, at 
ayy as 


BE] 


distances creator than LUfo. the internal pressure plays uo further var 
In conclusion we shall attempt to determine the radius of the so-called 


zone of destruction, assuming that in the zone of destruction the fround 
itself is deformed by the passage through it of the shock front The average 


energy density 6 depends on distance in the following manner 
2 (93. 59) 


. r 
To Momi@ _ Yoorit 
+ apgr- 


is the critical velocity of motion of the ground as a result 


Whore wUogs 
of which deformation takes place. . 
Knowing the limiting energy density , at which noticeable deformation 


of the ground ceases, we arrive at the following relationship : 
(93, 59), 


Lie / fee T 
79 fot ‘ 


is the limiting radius of destruction, 
epi = 166 g/on”, 


wpere Fy, 
Anautting for typical soils that «= 10’ era/g, 
fo = 2 g/am® ,Q’= 4 *.109 ere/g, we obtain ‘um = 165, 
- . . : lo 
An onergy density of «= 107 s : 
ey ° erg/g corresponds approximately +o a 


pressure of 20 kp/om’, 
Actually, as a result of the density variation from the value fa to 
the value Cy the pressure intensity p anit 8Coomplishes an amount of work 
(93. 60) 


W =e, = 4nx' Ax 
n 4RX Doris ? 


where 
A ase 
BX a fo iy ; 
esl Hy Po 
elementary spheres containing a mass of earth 


*, end *, are the radti of the 


4nx8 = — 
1 Po 


y then 


equal to unity, Since 


OT LV an. (95, 61) 
Assuming that 2 » we arrive at the relationship 
oy Ay Torit 
Po . 
which, for m=2 ygivea ~“ehtend for p 4, = 20° 10° bar» « = 107 ore/a 

We note that the theory of exptosion in the ground still requires further 
development. 

Some experimental data obtained by the Artillery Academy verify the 
validity of the assumption that starting at some quite small distance fron the 
centre of the charge (nbout 2 to 5S), , we are justified in neglecting the 
compressibility of the soil partioles in the case when the porosity of the 
ground has already been eliminated. 

It hos been established that the initial pressure at the shock front in 
the ground , resulting from detonation of a charge of hexogen attains a value 
of 2° 10° kg/am®, ag a result of which the rapid change cf density is equal 
to 1.45, and the density of the ground (olay) is thus show to be equal to 
2.1 g/em®, Tho density of the ground is tekon as equal to %8 g/ams 

It follows “Prom this that for r=, the increase in density occura 
tainly on acoount of the elimination of porosity. The initial velocity of 
motion of the ground behind the wave front has been showm to be equal to 1720 
n/ sec, 


Using relationship (93,4) ~ 


ancG also the relationship for the detonation products for &£=3 


£7 | 


ae = | _3 { ?+\ 
ad a\e,) ! 
we arrive at the equation 
ey F Po ue 
nr 92 sees | Ditizay . 


© expl ae 
For 
= L 65 > 


amt 07 » D=8000 n/sco, f= 21 g 0 expl' 


we obtain. 2, «1900 m/sec, which is close to tho experimental value piven above. 


§ Oe Explosion with Blowout 


Explosion in en .infinite Medium. After completion of the process of 


detonation of an explosive charge, whon the detonation wave reaches the 
boundary of separation betveen the explosive and the medium, motion of the 
nedium commences under the action of the expanding detonation products, As a 
result of this a shook wave originates in the mediun 

As a result of an explosion in tough metals the pressure at the shoak 
front is greater than the pressure at tne front of the detonation wave For 
less rugged materials and, for example, as a result of an explosion in water, 
the pressure at the shock front is less than at the front of the detonation 
Waves 

We shall not consider here the lay relating to the propagation of a 
shock wave and we shall not take in*o account the miltiple wave processes 
in the medium as a result of reflected waves, but we shall occupy ourselves 
with the overall picture of an explosion 


As a result of the explosion of a mass of explosive in an infinite 


inex't meéium,the volume Ve , ocoupied by the expanding explosion products ; 


a 


is propertional to the mass mM. of explosive and depends on the properties 
or the medium. Expansion of the detonation prodicts proceeds from an initial - 
pressure of 

Pi = (2—1) 02, (94, 1) 

(vihere & is the index of poly tropy for the explosion products, Pe, ia the . 
density of the explosive charge and Q@ is the specific energy of the explosive) 
up to the finol pressure p, , determined by the properties of the medium In 
the initial stage of expansion ( for. PPS Pp, ) it proceeds according to 
the lay pr V-*¥~r-™* , then for p,<p<p, ‘the expansion proceeds accor 
ding to tho lav p~V-"~2-% , where hae is the isentropy index. 

For typioal explosives , 
hd 5 he l4an125 5 Bee 109 keen? 5 py 2 10° kp /ena’, 

. For expansion in air or in woter, where there is practically no viscous force 
to be overcome ana practically no expenditure of energy on deformation of the 
medium, and ite rarefaction De = Po > where ps is the baok-pressure of the 
medium If Po = 1 kg/om’ , then 

Veo= AVg, _ (94. 2) 
where YY, is the initial volume of the explosive, A 2 1000, For’ expansion of 
the dctonation produets in a solid medium Bo > ps e For materiels with a 
different hardness the value of », can vary from 1 ke/en* to 1000 keen, As 
a result of this, the corresponding value of y,, is deoreased in relation to 
that determined from equation (942) by a factor of 107 or 1000 oIn the 


general form, we can write that 


(94, 5) 


waeré or” is tue effective value of & 5 depending on the properties of the 


medium For example, for typical soils 


BD 3 


V.u sz 50 V,. 
The volume of the zone of destruction Vx of the ground and of any nedium 
considerably exceeds the volume which oan bo occupied by the detonation yro- 


ducts’ (see Fig. 247), but it is always proportional to Vw » ite 


~ 


vA == a== const. (94, 4) 
@ 


Experiment shows that for different media, including. soils and rocks, 
1<a<10 , whereupon the lesser value corresponds to the toughest metal and 


the larger value corresponds to tho toughest ground 


Thus, it can be verified that Ficure 247. Zone of 
Va = @Vn = aAVy (2)" . (94. 5) destruction of a 
a 
The mass of the deformed ground M=pver , medium, 


(p is the density of the ground) can be 


expressed via the muss of the explosive thus : 
1 


_ ? f pa \a% _ 
M= 2 (2+) aAme= Ams. (94, 6) 


The quantities ‘¢ and, are’ found from experiinent. 
For pliable media the value of &” 4s oloser to 4 than for more rigid media. 
For the latter the value of k* is closer to AR for soils and slightly durable 
motels Pa< Pa ’ therefore k®=k, for herd metals k>k*>h, , and for 
the toughest metals Ate , 

Explosion in a Finite Medium , The most interest is presented by 
“he study of on explosive charge inserted to a certain denth ho Ttom the 
earth's surface, which we shall assume wo be horizontal, As a result of this 
“he force of gravity should be taken into account. 


We shall calculate the energy which is expended in overcoming the force 


of gravity by the explosion of a charge at a depth fs, in the case when the 


7Y 


crates Formed after the axolosion 1s reoreanntet hy 2 cone with so Das6 Talus 
. ; é » + 

Mirare 248. For the calculation of Ry (see Fig, 249), We shall calculate 

of blowout the “gravitational” enerry for the case 


; vhen there is ejection of soil at the 
Pa Ak 


a 4, 7 wa At cle 
> ) .ment of mess o2 the earth is bounded by 
a) : cones with bas radii R+dR; R, then 

AM = 5 mphRAR = % mph DEE (94,. 7) 


Tho total m. 3 is n og: 
= 5 ph tan? %. 


(o4% 3) 
™c element of mass bounded by tho sections (f4-+d4; 4) is 
. sing de 
dM, = Inphtah “WA. (94,9) 


Then the enersy noessssry Sor the ejection of a1 clement of masa dM at the 
surface AA’, is determined by the equation 
dE, = g (hg —h) dM, == 2npg SAE (hy — A) Arh, (24010) 
where -g is the acceleration due to pravitye 
Thus, integrating within tho limits from fy to 0 end from 0 to 9%, we find 
B= mpahy tan? 9 - Mghy (94,22) 


BO . 


In the region bounded by the cones with base radid (R-+dR, R) , 


apg hgsing dy ey 4,12 
dE ae = EM. (94,12) 


If it be assumed that the explosion energy is propagated isotropically 
(shich, o” course, is not cltogether so), then in this region the explosion 
CACY OT which acts is 

dE.=Qdm,=m,Q 34 Stsing dg, (94515) | 
where £, 15 the total explosion enerry. The explosion energy propagating 
inside the cone will be 


__ p l— eos . 
a ane (94,24) 


- 


KIS 


Thus 


(94,15) 
Obviously, if the energy losses in breaking up the ground are not taken into 
account, ejection will occur for the oondition that dE.> dE, ') whence it 
follows that . 

Fat < Ea. . 


Thus, for a given depth “0 
. 
; npghg \® 
cos, ¢ = cos n> (3e") . (94, 16) 


The maximum possible depth is determined from this relationship for =u 


‘BBs \t 
iy = hyn = (22) . (94,17) 
By meena of equation (94.17) wewrite equation (94,16) in the form 
« 
hy \¥ 
cos 9% >(52)*. ' (94.18) 


Relationships (94, 16) and (94.17) give the optimum values fox A, and the 
angle of flare of the “cone 0» If tho irreversible losses be taken into 
account, then the values of fp and 9 will be less than those determined by 
these relationships. . ; | . 

We shall now calculate the residual veloolty ag, with which part of tho’ 
(round will be ejected from the orater at an angle @ from the normal. ‘We shall 
calculate the traximun velooity of ejection below, but for the present we shall 
eily assume that the particles of earth aoguire the velocity quite rapidly, but 
in the process of its ejection, part of the velocity is expended on overcoming 
the force of gravity, 


it is opvious that, from tho Law of Conservation of Fnergy, we can write 


$26 


2 
a 


az @M+dE,=dEo, 


whence 


fo} te 42, | 3 E,c0s®e ghy 
Mo == V2 dM = ~Y 2 pps 2 (94,19) 


or 


4 
, 3 Up == 0, and for p= 0 


as : 
co can =) S| He 1 . 


If fo = fom 9 thon for @=0 4 uom=0. The relationship 


Por cosg= (#) 


anne (ae) (4) on) 
For ?™= % 
Fy _f ty \*franto\?__ 1-17 tty Vo 4 
gem (fy (egy at [( tee, (945) 
The relationship 
Bonita oS” =e 


1 
4\0 
For cos q= (4) 


. 1 4 
E, 1 mpgns ‘3 apghi\s . 
gai (#) E + (748) |= co 90 (1 ++ C08 4). 


Por a “*indte value of ; hake » the value of Fe attains a maximim We oan 
- e 


+ 


easily find from (94.21), that 


As a result of this 
E FY = 
aTpeon COS % = (z= rw 0.58; 
fe mang, = V2 1.4, 
Cn the basis of the relationships introduced, the parameters can be evaluated 


for the orater formed by the explosion and the subsequent ejection of material, 


379? 


14 y ‘ rae 5 > ta oh er eae we 
Fo gholt now define more precicely the ladsas Qiscussed above Guuceiuainy 


blowout and explosion, 

The initinl shape of the crater should be conical, which is perfectly 
ialusal, siuce vgjection of the modium takes place more or less along the radii 
R, However, neor the surface of the crater a rarefaction (relaxation) wava 
originates, which leads to the Pact that at the surface itself they way be 

Figure 249, Volume of collapsed oomplementarily destroyed and a oextain 
rook. mass of the medium nay be ejected, 

(Fig, 249). As a result of this, the 

radius of the orator is somewhat ine 

oreasod (from Ry to.2,,, ) and the ghape 


of the orater is altered, It 43 not very 


simple to take this effeot accurately 

into account, and we shall not consider 

thia here, All the relationships intro- 
uced above are of signifioance if h Shim < Rem a Where “Rim is the imoxcroain 
radius of the zone of collapse, talcing into agcount the effect of the free 
surface, 


From this condition and from equation (94.6) ,1% followa that 


4 4 
3B, ; Vem\t (Meg \T 
pg < Rin = ( 72) =( Ta) ’ (94, 25) 
where Vim and Mr_j are the volume and mass of the zone of collapse, Sinde 


Men = A, “ = Ame 


1 
Lis "7 P is . 
where A=, a(t) (see equation (94.6)); @ is a cooffoient chases ter 


ising the increase in the zone of collapse, then equation (04, 24) can be 


written in the form 7 
8! oxpl po 
4; > pAy'h , 


B78 


1 


where r fs Mma\s 
expl 4a Pa / 


Rence 1% follows that the greater the oalorific-value of the explosive Q, 


35 Wic Pudiuy of the explosive charge, 


the moreso is the inequality (94.25) fulfilled as a result of the greater force 
of iuavity. In the absence of’ a gravitational foroe, the inequality (9423) is 
never fulfilled 
We shall now consider the various possibilities of formation of a crater 
as 9 result of an explosion : 
. 1, If %m>Rim , then for toDMm the crater is not formed, but a 
so-called camouflet is obtained. 
2 If oS Rem y then for Aophom partial bulging of the surface will 
be observed in the vioinity of the epicentre ( above the site of the explosion), 
‘5 If M< Rm 5 for ho<hom wo shall have the oase considered above, 
when a crater is formed, -. 
With decrease of A the profile of the orater will be altered (the angle 
9 will be inoveased). 
The Dirst tb oases are of no interest at present and we shall next oocupy 
ourselves with a more detailed analysis of the third case, 
Now, let fo & hom < Rem « The angle of flare of the orater cone is deter- 
mined from relationship (94.15) 
a _f& 
COS fo = (ee) = (#) , (94, 25) 
as a result of which Ht i, g' The radius of the crater 


Ry = hy ten Py = ny ( ant y | : 


the specified relationships will be valid only for the condition that 


‘ (94, 26) 


=o t 
Ro= 08 % < Run 


wee sig ee 


Tis, the magnituds of the angie of flue of the cone is aeterm od from 


t} ) relationship A 
COS Po = COS Foy. Ra . (94, 26) 


TP HS % » then cos ee a and the crater radius will be 


Rotie= hy Fotim— V Rm _ i . (94. 27) 
The lamiting condition (9% 26) leads to this relationship : 
8 ; — 
£08 uu — ete he. 
QAR: exp , 
Ge>o) (94, 28) 


Thus, if Ry <R» » then on integration the angle 9 4s changed from 0 to? , 
and for Ro>Rr,, from 0° to Fone The relationships presented above corn 
pletely define tho orater which is formed as a result of the explosion of an 
explosive charge of mass m. ata depth fy s if My< Rin o 

ie Ro< Rim , then 008-48 calculated from relationship (94,25); if 
Ro>Rim 3 then cos %=0059,, 4s calculated from relationship (94, 28). 
Then we oan caloulate . , 

Ro = hy van, Fo. and M oma pits ran.* Fo 
‘A-oriterion of thig oase, oa a result of formation of a orater; will be 


the dimensionless quantity: 


Weg (94, 29) 
If ny>l, then o0,,,c>9 » and we shall be concerned with the oase when 

Ro< Pm » 08 & Tesult of which the Yoroe of gravity plays ‘the principal rétwe; 
i? <1 , then Porm % and we shall be concerned with the oase when 

Ro > Rim 9 a8 a result of which the radius of collapse of the medium plays’ the 
prinoipal Yale. , 


If thore is no gravitational field, then we shall always be concermed 


xo 


with the second enna, Mie very Some WALL bo the cus as a result of using 

very high calorific value explosives. Only in the case of a very pliable 

medium, when the quantity A, Ls large, shall we be concerned with the first 

case for hisher va‘ues of Q. AS a result of the presence of a strong gravitational 
ficld we may be conserned with both oases » Gepending on the value of g, -Q and 
the quantity 41, which characterises the medium, ' 

We shall now determine the ultimate relationship between the mass of the 
medium ejected from the orater by the explosion, the mass of the explosive, its 
calorific value (or explosion anergy), the initial depth of the explosion centre 
and we shall examine the optimum dept, for whieh the ejected mass proves to be 
a maximum for the two oases ty > 1. and n <1. 


For n,> 1 we have 


M = 5 ply tan? ‘Por 


(94. 30) 
where 
1 >cos a > (458) 
for ios? go = “eee , 
n // 96 \a 
=408 (Sar) )) (cas) 
. . 


It is obvious that the mass of the ejected material has a maximum for a 
definite depth 4o, and this maximum will occur for 


1 
z &, T: hom 
T= (sez) = ptr = O44 bom 


; + mpg 
( the inequality “TP <1 1 4s satisfied for this). 


Substituting the value we have found for '‘f)=fio in equations (94,25), 


(94.28) and (94,51); we arrive accordingly at the expressions: 


¥E/ 


4 


C08 =i MAY I0% Ry 2V 2M, =2V3(—4.)"s 


ole 


M =F 0(a>) . , (94, 82) 


For ny <1 wa have 


M =F prpSiN? 9 C08 gy amt phd tant ys (94.48) 
where | >cos 9 > oe eS 
, tm ony 
ror en eng 
or COS f) = 5 
tm 
4—-& ni . uA 


It is obvious that just as in the previous case, the mass of ejeoted material 
for a definite depth fo has a, maximum value, This maximum will ooour for 


oeYikm os Fortis 
tangy V7; c08 9=V 43 sings = V2: ox 55°s 


my _2V in ps On 
Fim EF Rin 2 lh. 


As we oan see, depending on whether the oriterion 7, is greater or less 


(94, 85) 


than unity, different optimim angles of the cone are obtained. 
For wy>1 gr 70% for t<l qa55° .- 

We shall now relate the purely theoretical results which we have obtained with 
the basic experimental dato. 

it is well-imown that for a certain depth of insertion of the charge 
(which is not always optimim in the sense of obtaining the maximim ejected 
mess), the crater radius is ; 
Ry = wnt ' 


(94, 56) 


where A. is an experimentelly determined coefficient 


‘ 


Assuming that Rom =1Ro » we oon write equation (9456) in the fom , 
Rig ma ite (94, 87). 


It is further obvious that 
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4 wd 4 
Mem =F TPAom == Tz mp7, . 


(94.58) © 
Gompaxing equations (94,24) and (9458), we find that 
Ay = + mrs, (94, 59) 
On the other hand 
. 1 
wm Lg a \ ae 
Am aA (4) .. 
and therefore 
. i 
MPM aa GA, ai . (94,40) 


‘These relationships establish the relationship between the empirical parameters 
e, A, A; ond A. 
Since the quantity A is quite well kmowm, 4 is determined by experiment, 
then we oan find 4: from equation (94,89), and from eqation (94,40) we oan 
find the extremely important coefficiént @; We note that aa (2) . 


We now determine the momentum of the material ejected as a result of the 
explosion. First of all we determine the so-called total (scalar) momentum (/,). 
It is obvicus thet” | 

Adi a dM = dughM = / me rely «de sing, (94, 42) 
mhence, integrating within the linits of variation of the angle>¢ from 0 to % 5 


(assuming that "Sum ) » we find - 


N= 2 yi Fame, mohE, [eee] 3 IME, 


COB % ’ (944 42) 
where 
—_ al 
Bum 2 I Veo gy 
y coo fy DY . (94, 43) 


Tt is useful here to introduce instead of the total explosion energy E, 
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that portion of the energy 8, 4 Which is propagated Within a spocificd cone 
with a vertex angle of 29 « 
From equation (94.18) we find 
Ey = EAT pete ' (94, 44) 
and a5 a result of this equation (94,42) assumes the form 
= 0V IME, , (94, 45) 
where 


On 2 Feoa gy, 


Vi-+ €O8-% I+ Vv C08 Yo | (94,46) 


& 4 

_For example, for go=O», §=1 5; ptmg 3s for m=680 5 8-095 ; 
Fy, 4 e 
E 4 


We now determine the projection of the momentum J, on the 7 axis, 
perpendicular to the surface of the earth, It is obvious that 


re : (94. 47) 


a/, = dy,cos 9 dM = V “Seonen i ede. 


Hence, 
= 2 F whey] | —Vc05 Gl = 6, VIME,, (94 48) 
where 
5 = Se, (04, 49) 
Further, substituting £, by £,. , we find that 


J,=0, VIME,,, . (94 50) 
where 
)= 2V 7 cos ¥ ‘ 
C+ Vc08 ¢0) VF cos ¢ (94, 51) 
For examole, for g=0,%=1 3 m=60° y joe e Wo oan write that 
4 = OV os 0 » Whereupon the coefficient 9 ts a measure of the velociiy 


distribution depending upon the quantity of the mass cf ejected material through 


different angles, If there were not this diatritution, then #@=] and 


BBY 


om VIMF, 
Now we con finally write down that 
Jes p= J, V 008 = 9 TM Ew e0s Go = 8,» Veo8 Gy. (94, 52) 

However, for practioal calculations it is more convenient to use 
relationships (94.42) and (94.48). 

From these relationships, for examplo, it follows that for %=60° , 

A= 048V IME; 4=4V IME. m2 VINE, . 
In the generol form, -vitnout predletormininy the Lew of Aistrihition of veloai- . 
ties with respect to MASS» we con write 
mf ainame mm f corya(sam(s), 


where a= a|M(@) Jm ale) is the law of distribution of velocities with 


the theoretical relationships which we have obtained above may be made 
more predise by additionally taleing into aocount the energy which, as a result 
of propagation of the shook wave, is ‘expended on heating up and on irreversible 
deformation of the medium, These energy losses at a large depth of insertion of 


the charge may be considerable, and should be determined experimentally, 
$ 95. Inpact of Meteorites against a Solid Surface, 


It is well-known that as a result of the impact of solid bodies with 
velocities in excess of several Idlometres oer second, a phenomenon olosely 
resembling the appearance of an explosion has been observed, 

For an impact velooity of greater than 5 = 4 im/seo, the orystalline 
structure of the meteorite and a certain volume of the medium with which tho 


eorite collides is destroyed, and an explosion occurs in the. 4W1 ‘sense of 


the word, 


$38 


. . ~ eee we ee . x . . - 
Neo chall dofinc more precischy those preGcaaup which uy be Ovscrved 


as ao result of impact at velocities greater than a few IcLlometros per secon’ 


Explosion of » Meteorite in an Infinite Medium. We shell consider 


first of all the "explosion of a meteorite" in an infinite medium It is ob- 
vious that the problem may be posed in the following manner. Suppose that in 
a certain volume, equol to the velumo of the meteorite, energy Eg 

‘be liberated instantaneously. The mass mz , inside of which "yapouri sation" 


os the medium will ooour, is obviously determined by the relationship 
7 M,u* . 
Mos, + mz =n t=, (95, 1) 


vhere "<1 ds the energy efficiency factor 
oe ah, omit, (95, 2) 
whers ¢ and & is the energy density required for “yvapourtsation™ of the 
material of the meddum and of the medium and 4, and arc. the dimiting veloci= 
ties required to "vaporise" unit mass of material of the meteorite and of the 
medium, 
If uw >u,>4z , then it 1s possible te make a distinotion between the 
quansities & and ‘i for the impacting body and for the body receiving: the impact. 
Then equation (95,1) assumes the form 
My iy 9 EE, (95, 5) 
Since the value of && is olose to the energy density Q liberated by the explo- 
sion of condensed explosives, and sinoe experimental relationships are well- 
known for the effect of explosions at the surface and inside different bodies, 
whioh relate: the mass of the aharge of explosive (ms), Ats specifio energy (Q), 
the radius, depth and shape of the orater in different medin, then it is more 
advantageous to write Q in place of ¢; end é; in relationships (95,1) and (95.5). 


Actually, for typloal explosives Q=1.51,5 koal/g > and 6% for 


wae 


examile, hee the value of 3 5 1 and 5 kcaiyg tor iron, aluminium and grenite 
respectively. Consequently, we can write dom that 


Mui . 
m,Q = YE o= 1-9. (95.4) 


Henco it follows that 
| mae, (95, 5). 
After expansion of the gas up to an energy density value equal to Q, the ul.tinate 
expansion stage may be likened to the expansion of the explosion products from 
an explosive, but somewhat more dense than the normal explosive, 
Actually, the density of rodke is about 5 g/am®, the density of iron is 
about 8 g/em® and the density of a standard explosive is 1.6 g/an% | 
Thus, the volumetrio energy density in the oase being considered willbe 
several times greater than in the oase of explosion of normal explosives, 

We shall now put the problem somewhat more precisely, 

As a result of an impact and an explosion, a shook wave is formed which 
will be propagated through the medium, Sinoe at the shock front part of ‘the 
energy will be expended on "destruction" of the medium, then it is necessary +o 
take into acoount this energy loss in writing down the Law of Oonservation of 
Energy for this shook front 


For a strong wave these conditions will have the form: 


E144 (Vo— Vi) ~ os (95, 6) 
uj = p,(Vo— V,), (95.7) 
: VoP V, a 

De = av, (RH): (25.8) 


This the relationship) £, =/(p Vy) dependa on the equation of state of 
the medium and in a certain sense on the initial impaot velocity, since at 


different pressures the equation of state May be app~oximated differently. 
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anz mt 


_ os fine ar - # . 
From equations \50e6) und \9a.7) we nave 


2 
ib —eh (95, 9) 


ty 


By &k in these relationships one should understand the energy going into one 
or other of disturbance ond destruction of the orystalline lattice. Obviously, 
this process of destruction of the orystal lattice will contime until at the 
shock front ; 
Eity >t. (95,20) 
Form equations (95.9 ) and(95,10) it follows that the process of destruction 
of the lattiec will take ploce for 
ra 
Dou. (95,11) 
By introducing dy me V0 : » We oan define more precisely the condition > ui ; 
which is formated above, Sinoe from equation (95,11) 4+ follows that 4) >wi, 
and that “i "then up > Qui. or | 
2 > 200 Aut, (95. 2.2) 
In the first instant of time arter impact, when the regime of motion and " 
"flow" has not yet been established, "vapourisation" will take place for the 
condition that ws >u}, then after.en intetval.of time t=’ regime is quite 
rapidly established when “vapourisation" will take place for the condition that 
Lo > Qty. 

Wo shall define more precisely once more what ia understood by & . For 
vapourisation %,=* , for fusion =e, > for simple "disintegration" 
(dispersion) of the medium = In the first two cases , the expenditures 
of energy in the expansion process, going into latent heat-of veporisation and , 
fusion , are restored agein to the medium in the process of expansion, except 


for a small portion of the medium which has already expanded as a result of 


discharge from the dense mediun(from the crater) into the a‘anosphere or into 


an empty space, However, these losses can, in general, .be ne glectea, all the 
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more cine relatively the jnatial onewrr so a rosuly oF thie Will be Ereater 
than in the case of .imple dispersion of the medium, Finally; the energy ex- 
penditure % ==¢, will be irreversible. It can be assumed, as was done above, 
that «,=Q approximately, for different media, Corisequently, it is always 
possible to introducc, just as in the case of an atomic explosion, the trotyl 
(TIT) equivalent, which arises from the Lay of Conservation of Energy; i.e 
tho Ikdnetie energy ‘E,) of the impacting body, taking into account losses 
(ellowing for effiéiency); can ba equated te the energy of an cxplosi 
having = mass Me aid a calorific value 2 assuming that “7,Q=—= nh oe 
It can be assumed for simplicity that the process of detonation in a 

dense medium is instantaneous, The process of "geatruotion" we shall arbi- 
trarily call the process of "vaporisation". 

. As a result of a detonation, the energy density at the front of the 


detonation wave is : 


me E, gt ied (95.25) 
doa, ““d.8,' 2” 
where 
Ea fi dt Vegm V4 ) om had 
(95,14) 
is the potential energy ;. thus, 
y= Ma 20. (96, 15). 
For en instantaneous detonation, the mean energy density is : 
“Egos Hed Q, (95.26) 


In the second case,when «,= Q, the problem is reduced to the comparison of Q, 
the effect of the impact with the effeot of an explosion with a charge mass of 
2m, and a calorific value of g by the hypothesia of instantaneous detonation 


In the first case, the problem is reduced approximately to the case of real 
detonation of an explosive charge with a mass m, and calorific value VY. 
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we unéerstond by a case of real detonation the case when the pressure aot 
the front of the detonation wave is tice ay big as the average pressure and 
the energy donsity at the front is  u}-=2Q.. 

Both oases are suffloiently equivalent to one another, which follows 
from explosion theory. 

The first case breaks dovm to a more simple analysis and we sholl now 
discuss it further, 

Now, the equivalent masa of an explosive charge m, having a calorific 
value Q will be determinea, for future calqulations, by woleticnshds fos, 5) 


E:smlosion of a Meteorite in a Finite Medium, First of all we shall 


determine the maximum depth of tho depression = crater, formed by the impact 
of a meteorite with the surface of any medium This depth is determined by 
Figure 250. Caloulation the depth of penetration and by the radius of 

of crater deptl, the vaporised mass 6f the medium It is necessary 
to further take into account that after tho pro~ 
oess of vaporisation ceases , disintegration of 


the medium will simply take place at the front 


of the dying shook wave and part of this disinte- 
grated medium may be ejected outwards, which 
further increases the depth of the crater ; howover, this additional depth 
will be less than the depth of the vaporiaed zone, 

Tis; the total orater depth (Fig, 250) is 


h=h+h', (95,17) 
vhere 
* 13m. 
b= (Sap Bae) con Komp = me, 
eySp uy 4p 


(95,18) 


In these relationships, M, is the mass of the meteorite, 4, is its velocity, 


940 


Ce 18 the resistance factor, S is the surface of impact of the meteorite 
and p is its density, zis the angle between the direction of the velocity of 
of the meteorite and the normal to the surface of impact, and +r, is the radius 


of the ecllapsed zone - "vaporised zone, Since 


Mout, 


1.170 


(here and in future wa shell understand by the quantity 


\ 


2 
energy density required for destruction of lattice binding or of the finely 


divided rock), then 


2M, 0 In 2 wa Eee 
in = -—> COS Z IN = nae Scr yy oy y° 
ee TV wo gegg  e eH). (95,19) 
Sinoe Mo™S 35 then we oan write that 
Me oe pee Ge hy Se (95, 20) 


Sp P ? 4nd” 
where @ 4g tho shape faotor of the meteorite ; for a sphere, for example, 


a*=1 | Now, equation (95 19) is conveniently presented in the form 
SanMouy 
mam eet BxpQ 


~ 3 
ni =1+A=1 +c0sz — vs 37% se 
3, Se a, 


. where 


The mass of the medium ejected from the orater(assuming that the shape 
of the orater is conical), is determined by tho relationship 


Mots 


Mat phy tan #99 = ge tan NG, (95, 21) 
Now we shall determine the normal projection of the impulse of the explosion 
(see equation (94,48) ) 
4 == 9, V IME, (95, 22) 
Since 


Eom Hn 


$9 / 


then 
on _—__ 
= V & Ey (1 —V cos ¢). (95, 28) 
For 
\ 


Ag! hy 1\r 
we AG <i, cos m= =(3)*. 


For no > 1; 


V t 1 _ a 
hy __ ( *Pa% )° = (22 \r= (78 ) ( Smuts | a 
£08 Po= NOEL Na] Nae BmQ / * 
We shall evaluate the dimensionless quantities A, 1’ end n, entering into those 


relationships, As we have shown above, the quantity n is slightly less than 
-i = 1/30" 
qo=ol+ eos / en 
t) Hp, uy 


for usup 9 nml 3 af 20, com, aml, and p=t , we shall have : 


=F (42)* led 
4 ts Va =1+ [ a 


Lot up me8u, es 20u, «= «g: then steip erp ous 


1 Ry 


The quantity 7F aii aitheat 5 for u=éus- » Consequently, the 
range of variation of 4 is not very significant Since'n<!+ A>] then the 
second term, into which a? enters, does not play a large Sle, it is small in 
comparison with the first term ; hewever, this quantity Tis always easy to 
find ‘if the shape of the impacting body is known, 

We sholl now evaluate the essential quantity _4. Since 


then, bh :ving experimental data for A, it is easy to calculate 4 end the 
Qe 
a (£2.\" 
quantity a (Fr) . 


gqIY 


Tic following table gives tie va of 4, 4, fF und a(=* for 


different media, for p,=1 kg/om’, Ai=1000, kt = +, 


hiedium 


Granite 4 10 16° 10* 6.4 
Aluminium "26 10 10* 6 
Iron 8 5 4-305 | 0, & 

re ee ee a tome wae emame pasecenndn ase ne 00 SN, 


The velocity of disintepration of the blasted medium ia determined by the 


relationship (see $94, relationship (9419) ) : 
1 t 
BE cost g ry hy / BE, coa® e _ rE 
el ora elm a) | 


Substituting the value of 4) and &, , we arrive at the expreseden—-..__.... 


. L 
= Mout \F |" 95, 25 
vn [Bonrg(Seay]. 
For o=J A 
— ee © en 
= dyn = Lg (Stew | oo 
20 = Zom ym &( BneQ ) ” (95. 26) 


The mass which is disseminated within the region bounded by the cones with 
base radii (R-+dR; R) 5 i@ dinoide a given solid angle for do= const, 
is determined by tho relationship (see g 94, (947) ) 


2 as sing de _ Mong sin ¢ dy Lea 
aM = tlt cog 2Q 2cos? gy * : (95, 27) 
This mass will also have a velooity 4°, determined from equation (95, 25). 


It is easy to satisfy oneself of the fact that since 


a 
* 


(Sines )' 


Aghy Ag 
QV aapQ/ * (95. 28) 


WG ag 


29 


\N 


then for relatively small energy reductiona n,<1 and the angle of flare of 
the crater, formed as a result of impact and explooion,is independent of the 
force of gravity. On the contrary, for a lerge initiel energy the limiting 

angle is detorminea by the acceleration due to gravity at the given planet: 


For n< 1 we heve 
: ——, 
= 12 Vi5| —(2 ‘|. 
vo 7"! (2) 
The minimum velocity will be for cos? = » when 


4 
& = Fontan wa [22 — of] >0. (95, 50) 
the total disintegrating mass is 


| = (4) 


For Ny > 1 


The mimimum-velooity will be equal to zero for 


“ cos* g, =e. 


The total disintegrating mass is 


Mom Bitei| (40) amQ. \a 
8Q L\ ng “Ta) “T= 


_ Ml [ (<2 y | 
8Q ng Ag , 


If we nr compare the projection of the momentim to the normal for the falling 


Seq = Mot, C08 z 
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fini uue ceactive Toree of ejection J, 


ln V4 Mu; (1 — Y cos ¥) _ 2a. Alig, (1 —~ V'c08 $9): 
tu Q 2Muaccsz ' Q gceosz 


*2 
Since Qa » then finally 


4 Vy aC — V cos 95) tg 
- Jog Cae 


cons oy (95, 31) 
Sinse in the medium Vin =2, o=60° , then for z=—0 
to (95, 52) 


For exemple, for an achondrite (stony meteorite), impacting in aluminium with 


. ~n. . - . . ; s 
A velocity sn — “i kryacr, Tor wich 4 = 2 my SCO y 


jewie. 


For larger velooities of impact the reactive impulse always exceeds the 
momentum of the felling body, and therefore the overall momentum acquired by 
the medium as a result of impact is practically independent of the angle 
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Li NOs 1455.0. 
CHAPTER XV 
SYMPATHETIC DETONATION 


§ 96. Transmission of a Detonation through Air 


én explosive charge con effect detonation of another charge situated at 
soms distance from the first one. This phenomencn, discovered in the middle of 
the last century, has attained the name of sympathetic detonation. 

We shall call the charge effecting the detonation the active charge. and 
the one in which detonation is effected we shall call the passive charge. 

The experimental and theoretdoal dnveatdgation of tiis nrobiem in of 
extrenely important significances, since the results. of these investigations will 
provide the starting data for establishing the so-called safe distances for 
storage and production of explosives, and may be used for the construction of 
detonation cireuits for munitions, 

It has been established that the range of sympathetic detonation depends 
on many factors : mass, density, detanation velocity of the active charge, the 
physioo-chomical characteristics of tne passive charge, the nature of the charge 
container and the properties of tne transmitting medium ; in addition it depends 
on the direction of the detonation of tne active anarge, tne damernsions of the 
receptive surface of the passive charge. 

Thus, for approximately equal conditions, the exo1teanzlity of tne pasive 
oharge is determined mainly by its sensitivity towerds detonation,and we 
excitation capability of the active cherge is determined by the detanation volo 
cuty, woich characterases tha power of the explosive, and by the weight and 
structure of the charge. 


The effect of tne nature of the transmitting medium is detexnined by’ the 
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Lf 
fant that, depending om the moturc cf thé medi, Guicsdsaison taxes piace dG’ the 


flow of detonation products or of tha shock wave. The stronger thia retards ion, 
tne less yall. be tne range of tronsmission of sympathetic detonation. Whe mecnén= 
asm of tne process of excitation by sympathetic: detonation renains quantitatively 
invariable for different transmitting media end dutterent passive cnarges, although 
detonation in certain cases is effected in the passive charge of nign explosive 

wy tue stream of detonation products fram the active charge, end in other coses 

by tne shock wave propazating an tue anert medium separatuig ths charges, eto. 

Let us consider in more detail-the problem of transmission of a detoustion 
Shrwugn diivexreni media. We shall begin with the transmission of a detonation 
through air. 

A considerable munber of papers nes been devoted to tiie problem oi trans- 
mission of a detonation througn ar. In this case, pext of tne energy of the 
active charge can be transferred to the passive charge by three routes ; 

&) by the succt wave propagating in tue eir ; 

by oy tne stream ot detonation products and 

0) by solid particles impelled by the explosion. 

if camplete detonation of tne charge takes place and it ain tne directaon 

towards tue pessave oueperftus ectave charge is not enclosed in a oasing, then 
the transfer of energy by solid partioles disintegrated as a result of rupture 
of the casing can be exoluded. There remains transfer of energy by tne air mock 
wave end by the stream of detonation products. 

It has been established by experiments, that stimilation of detonatia in 
chargea of explosive without a olearly-defined period of burning takes place onlyy 
in the zone where the parameters of the shock wave from the active charge, end 


the parameters of the stream of detanation products are large (the pressure at 


the shock front p > 200 = 500 \cg/ou)« If the shock wave approsches the passive 


a 
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chosgs with the paraocters at its front having iower values, then a period of 
burning always precedes detonation. However, just as in the first case, so also 


| 
| 
in the seoond case, stimilation of an ‘explosive transformation is of a thermal | 
nature. This situation well explaina the effect of vaxious factors on the range 


of transfer of a detonation. With increasing density (reduced porisity) of. the. —--.-|:- 


i 
| 
passive charge, the range of detonation transfer is inoreased, Thia is explained | 
by the fact with decrease in density the coefficient of thermal conductivity of | 
the explosive is deareased (the theme contact between particles is worsened). As | 
a consequence of this a higher temperature of heatup ia attained of the surface | 
ayer or the charge, Moresver.-in a porous charge, as a! consequence of break ii 
through into the pores. of heated. air and hot products of cambustion of the surface 
layers of the oharge, the mass velocity of combustion is sharply increased, which : 
favoura transition from ommbustion to detonation, And, finally, in a porous charge 
with a low mechanical stability, as a result of the effect on it of the shock wve, 
practically adiabatic: compression takes. place of the air inclusions, which in this 
case pley the role c* "hot spots". As shown by BOWDEN and JOFFE (See Chapter II), 
heating up of the air in the "hot spots" to 450 - 600% leads to an explosion, as 

@ result of a shook, In order to achieve this heatup, it is sufficient that: the 
shock wave should approach the charge and be reflected from it with an over- 
pressure at the front Ape« 8 - 15 kg/an*. If reflection does not occur, then 

the perameters of the wave which will ensure ignition of the explosive, on account 
of compression of air cavities, should be considerably higher (4 p = 30 = 50 kg/cm’) 
Fhlegmatised explosives, thepartioles of which are coated with a filn of lm 
molting substences(paraffin, wax eto) are less sensitive to the effect of this 
factor, since the energy of the ocampressed air bubble will be expended not on - 


heating up and ignition of the explosive, but on melting the filn. 


“umbustion of high explosive powders is easily transformed into detonation, 
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-egpeoially if largo quantities o? the explosive bura, The transition to deto- 
notion also promotes retardation of the air stream behind the shock front on 
encountering the passive charge. In virtie of this, the shock waves which are 
capable of igniting the explosive charge mist be considered dangerous from the 
point of wiew of stimulation of detonation, 

If the compression and heatup of the aix inclusions is of no significant 
magnitude, then in order to determine the rango of igmition, 1t is necessary to 
nolve simi] taneously the equations of heat transfer from the heat transfer ascent 
(the shock wave) and the thermal conduetivits cquation (fur ine passive oie). 
For thia it is necessary to know how the temperature of the air stream behind 
the shook front will vary in tio vioinity of the pasalve cherce. Iu is obvious 
that the Gimensions of the passive aharge will be of important signifioance for 
this, since they determine the conditions for the shoel: wave bypassing it 
Morcover, it.is important to know the thermal constants of the explosive(its 
thermal conductivity; speoifio hoat; ignition temperature); and also the heat 
tr: ifer factor from the air in the shoak wave to the explosive and its depen- 
denoe on the verious faotora, The solution of this problem prosents well-imowm 
difficulties and at present it oannot be accomplished suffiolently accurately, 
in view of the fact that we do not Imow a mumber of the quentities involved, 
They mist be determined experimentally, 

In prinoiple, the problem of ignition of an explosive: charge by a shock 
wave in air may be solved according to the following schema Aa a result oz “ic 


action on the explosive oharge by the shook wave; heating up of. the charge %xes 
place only in a thin layer, Tho temperature of the surface layer is determined 
by two processes : transfer of heat from the air heated by the shook Wave, and 


the removal of heat to the depth of the charge « If the flow of het from the 
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“siderably less than the linear dimonsiuns of the charge to the face opposite 
from the wave, ‘then tho charge may bo considered as a plane wall, In this oase 
only the thormel flow need be considered in a dirsotion perpendicular to the 
surface on whieh the shook wave acts, Taldng into. account the small penetration 
of the obstacle (even for penetrating shock waves they ere no more then a few 
m ), the process of heat transfer may be assumed to be one-dimensional,’ It ia 


desoribed by the following equation : 


oo OF eo 2 fn 2). Fane od 


wre 4 


The boundary ocnditions are 
1 $f =—a(Ta—T), 


) 


for tm0 , Tum, for any value of *, 
(96, 2) 
for ¥-+00 5 T=, for any value of ¢.. 


Here pc’, end n are the density, speoifio heat and thermal conduotivity of 
the explosive, ais the heat transfer factor, T.is the temperature of the 
explosive (for x'= 0, r is the temperatire.at the surface of the explosive), 
7, is the temperature of the heat tranefer agent (the temperature of the air 
in the shook wave). 

The mechanism of the proovuss of ignition of the explosive by the shock 
wave is essentially not nifferent from the mechanism of ignition of an explo~ 
sive by a burning Bass whieh, according to K.K.ANDREYEV may be postulated in 
the following manner, When the tonperature o? the surface layer reaches a 
certain limit (the boiling point for volatile explosives or the termocrature of 


geassifioation and partial decomposition of solid and non-volatile explosives), 


vapours or the first produots of decomposition are formed, Having a small 


Goo. 


Suwik wave penetrates into the mass of the charge to a depth which is con~ 
‘siderably ‘°39 than the linear dimensions of the charge to the face opposite 
from the wave, then the charge may be considered as a plane wall, In this onase 
only the thermal flow need be considered in a direction perpendicular to the 
surfase on witch the shook wove aots, Talcing into eecount the smal penetration 
of the obstacle (even for penetrating snock waves they are no more than a few 
mm ); the process of heat transfer may be assumed to be one=dimensionol,' It ia 
desoribed by the following equation ;: 


or v) or\: 
0 Sr =e (1 ar): (96.2) 


The boundary oonditions are 
135 =—2(Ta—7) 
for t=0 , 7x7, fort any value of *, 
-— (96, 2) 

for x00 y TaaTy,,for Any value of 1, 
Here pc’; end’ n are tho density, speoifio heat and thermal conductivity of 
the explosive, ais the heat transfer factor, 7.is the temperature of the 
explosive (for x:= 0, r is the temperature at the surface of the explosive), 
7, 1s the temperature of the heat transfer agent (the temperature of the air 
dn the ahock wave). 

The mechanism of the process of igmition of the explosive by the shook 
wave is essentially not oifferent from the mechanism of ignition of au explo< 
siva by a burning gas, which, according to K,K,ANDREYEV may be postulated in 
the following manner, When the temperature of the surface layer reaches a 
certain limit (the boiling point for volatile explosives or the temoeratuo of 


gasaifioation and partial decomposition of solid and non-volatile explosives) , 


vapours or the first produots of decomposition are formed, Having a smal 
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volume speoifio. heat, they are rapidly heated up to a temerature at which 
exothermio reactions proceed with high veloolty, Le. ignition occurm 

Tho direotion of flow of the hot air behind the shock front promotes 
acceleration of the progress of the gaseous reactions, This is explained by 
the presence in the hot air of ions and radioals, andjmoreover, the directional 
flow leads to an inorease in the mumber of oollisions;i.e:it leads to an 
inorease in the mmber of elementary reaction events per unit times: The effact 
of diregtional flow on acceleration of the reaction is obvious from the follow- 
ing exemple noted by RAND, An ethylene = sir mixture is ignited at a tempers- 
ture of 7 = 1464°K by adiabatio compression; but it is ignited in the range 
of temperature 704 = 726°K by the action of a shook wave ( in a shook tube),: 

If,however, at the instant of ignition it is atopned by the action of 
the external source of heat whioh; in the cases are considering, implies 
rerefaotions originating at the surface of the charge, thon the process may, 
depending on the depth of the heated layers; either die out or it may be 
converted into a stationary process. 

‘ In the case when at the beginning of rarefaction, the temperature dis~ 
ietbiitdon in ‘the heated ‘layer ia established by the corresponding normal 
combustion, then ignition transforma into normal combustion, 

Tf on the charge there acts an intense shook wave; but of small ‘depth, 
ignition may not coour, sinoe the surface temperature after this time does 
not ettain critical (Tot te ). If, however; the mirface temerature also becomes 


eqial to Tk » but the thickness of the heated layer is less than that whioh | 
corresponds to stationary combustion under the given conditions, then Lenition 


does not transform into normal oombustion; since the heat reoeived will not 


compensate the heat transfer in the depth of the substance. In this case the 
temperatire gradient will he. greater than the corresponding stationary 
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combustion, whioh eleo depends on tho sxuess vf neat wansfer over heat 
received, On this is based, in particular, extinotion of a combustible powder 
in a reaction chamber as a result of repulsion of the jet: 

By solving equation (96,1) for the boundary conditions of equation (96,2), 
the ignition time may be determined, 1,e the time required to attain a definite 
temperature Perit. at the syrface of the charge, Wo note that the tenpereture 
Perit, 1% independent of the flash point, aa definod in Ohapter IL Axtooata- 
lytio reactions exert a strong influence on the process for normal spark 
ignition, The flash point depends ‘on the masa of explosive, the conditions of 
determination and a mumber of other factors. For ignition of explosives ‘by a 
shook wave, af a consequence of the fact that its reaction time is small, one 
oan negleot in the great majority of oases the energy libere ted by chemioul 
reactions in the solid phase in the e xplosive as a result of heating it up to 
a temperature Trtt, » Which may be assumed to be close to the bottling point 
op to tho, temperature of commencement of intense decomposition 

The solutdori of equation’ (96,1) for a solid semi-space with a plane 
weld has the following form 3 

A7.(xi t) coer) *f a(t) [7a (s)—7(+)] (¢— te WSs, (965) 
where ‘7(1’) 4s the surface temperature at time «and .7,(.+) 4 the tene 
perature of the heat transfer agent For the surface of a oharge of explosivo 
(x,9 0) relationship (96.5) is considerably simplified : 


i f . Tt . 
AT (Q; £)<=(mpcn) 7 f a(s) [Ta (2) —T (2) (t—2) 7 ds. (96, 4) 
O° ; . 
If the heet transfer factor a, and the difference between the temera= 
tures of the heat transfer agent and the surface of the aharge be substi‘ ited 


by their average values, then we arrive at the following expression 


7° 8 


T— Too “a , (36.9) 
where To 18 the initial temperature of the exr sive, 

At the instant of igeition T Tit. an the ignition time in ascordance 
with relationship (96. 5) will be equal to 


. ; , Frit~7oy? 
+ 0.795 BA (96, 6) 


Formila (96,6) was proposed in this form by Ya.M, PAUSHIKIN,- 

We note that in solving equation (96,1) and in the derivation of 
relationship (96,6); ¢p and have been assumed to be constants, Relationship 
(96.6) enables us to enolyse qualitatively the effect of various factors on 
the sensitivity of explosives to ignition by a shock wave,- 

It is found that the density, specifio heat, thermal conductivity and the 
critical temperature Tori z, oxert the primary influence on the sensitivity 
toverds ignition of an explosive. 7 orit, depends on the external conditions, 
primarily on the presse, but this relationship has not yet been established 

If ignition 1s accomplished by shock waves of not very high intensity, 
then T,44, for high explosives may be assumed to be equal to the boiling point, 
which for trotyl gives 744 
increase of speoific heat, the quantity of heat required to heat upthe substances 


= 510°O and for hexogen 7. = 255°0'.: With 
Or te 


to the temperature Crit. dnoreases, The thermel conductivity also exerts a 
similar influence, For approximately the same conditions, its reduction will 
bring about a higher value of the temperature at the ourface of the explosiva 
charge. Inorease of the thermal conductivity and of the speoifia heat may 
explain the poor ignitibility of phlegmatised explosives in comparison with 


the pure explosives, Tims; for hexogen _ 
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am 5° 10-* cal /omsece deg 3 Cy: O54 calfem™ deg; 
and for paraffin . 

n=! 64° 10+ oal/om S60, degs'; ¢,.= 0, 64 ceal/am” deg, 

. According, to this sams principle; the ignitions conditions are improved 
with decrease of density, sinoo as a result of this the coefficient of thermal 
conductivity is decreased and the heat transfer factor is dnoreased( on account 
of tho inorease in the ppeoifio surface). ‘According to data by A.F. BELYAYEV, 

na ese 107 for trotyl with a density of 1, 56 g/en” y and for trotyl with 
a density of 0.85 g/om®; n= &5 oe2/om B00. deg, 

The ticrma). conductivity aleo depends to a considerable extent on the 
grain size, In powdered materials made of srallesized grains, the thermal con= 
cuotivity 1s low, because of the poor thermal contact between the grains, The 
improvement of ignitibility with reduotion of density, as already mentioned 
above, is explainod by the possible infusion into the pores of the hot products 
of decomposition of the explosive and of Rat air, which may Jead to ‘Agmition 
of the decp layers of an explosive charge. 

The easy ignitibility of initiating explosives may be explained by their 
Lov speoifia heat and low thermal conductivity,’ Tms, for neroury fulminate at - 
ps 568 g/m, £ = 01 cal/gedeg . 
and 
7 = 285° 10 cal/om 860, deg 

The ignition time depends strongly on the intensity of the heat flow, 
whieh is determined by the temperature of the heat transfer agent and by the 
heat transfer factor, The very considerable diffioulties in calculation are 
due to the difficulty in determining the heat transfer factor 2} which is a 


function of many parameters,/ It depends on the shape, dimensions and temperature 
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of the wills (of the explosive charme ). ax the temerature , rmeesurs ond 
flow valooity eto. 

Values of a are | usually determined by en experimental method, and the 
determination of a tor non-stationary flow is pertioularly complexe However, 
as 0, PeMARK showed, when ths renaining factora sre varied within relatively 
narrow limits, the hent transfer factor % can be ussuued to be a function of 
the pressure and the temperature difference between the wall (the surface < the 
explosive | charge) end the eir compressed by the shock wave, 1.4. 

Oye = Api (AT) (96,7) 
where &, miand n-are coefficients establiahed by the experiment. 

In order to sclve the problem of ignition of explosive oharges by a shook 
weve in air, it is essential to lmow the temperature distribution behind the 
shock front or ths variation of temperature of the air compressed by the wave 
as a fimotion of time. For plane shock waves or for aspherical waves with a large 
radius of ourvature (beginning at 10 — 12 charge radii) it. can be assumed without 
@ large error that the temperature falls linearly with tims. The initial tapers 
ture of the wave is equal to the temperature of the air at ite front, but the 
Pinal temperature depends on tie fact that up to « certain value the pressure 
falls. iocording to STANYDKOVIOH , 7; = 400 - 420° for pw i atm, and 
T= 880+ S30 for pa Oh atm 

On arrival of the shook wave at the aherge, it tne surface is plane end if 
it ia disposed normal to the direction of motion of the wave, reflection oocurs, 
ea ea result of which the pressure increases sharply, 1.6. a 


64pi 


Ap, = 2Ap, hippr’ (96.8) 
afd the air density in the reflected wave is 
‘gz, SPat Pt a 
fa Pt oa > Op, , (96.8) 


qo 


where Ap, and. p,; are the overpressure and rreasmire oi the Seont of Uo incident 
wave respectively, Ap, and po; are the overpressure end pressure at the frant of 
the refleated wave, and p 1 end p, are the densities of the air behind te 
fronts of the incident and reflected shock waves. ban 

‘For the derivation of equations: (96.8) and (96.9) 1¢ has been assumed that 
hk. CyolCy m= tof » Simitsnoously with refleotion, « rarefaction wave begins to 
move from the edge of the charge towerds the centre; The time of action of the 
reflected pressure up to the estebliahment of the flow regime is 


2, (96.20) 
‘ave 


where / 4s the minim lateral sise of the surface on which the shook wave acts, 


* yefl 


and ¢.,. is the avarege velocity of the rarefaction wave, which, for amali ob- 
etacles may be assumed to be equal to the veloalty of sound in air in the 
reflected shook wave. 

Knowing p, and Po » We cm determine the initial temperature 7: in ths 
ahock wave at tne instant of ita reflection. For a time t 21 rofl, > & Strean 
of alr will act on the explosive charge, air whiah has been retarded near the 
surface of the charges If it be assumed that the specifio heat of tha air is can 
stant, then the drag temperature is 


Tae o Tet AWD , 


a . 23%. 
where A= ziz is the mechanical equivalent of heat. Assuming that for air 


Cy, m Oo24 koal/kg.deg, wo obtain 


pg 8" . 


where 7 and u are the temperature and velooity of the air in the moving ahoak 


wave after oanpletion of reflection, 1.e. for ‘> T wer, * Since we are 

assuming that the air temperate in the shook wave varies linserly with time, 

it is sufficient to determine 7 and 4 at the instant of completion of refleotion. 
Assuming also that 4 varies linearly, we oan write 
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(96.12) 


where Ap, » 7,,4nd yu are the overpressure, temperature and velooity of the 


eir at the shock front. If it be assumed that in the shook wave 


ap=ap,(1—), 


(96.8 ) 


where * 1s the time of action of the shook wave, which can be détermined by 


M4. SADOVSKAI's formule, then using relationships (96.10), (96.11) end (96.12) 


Ap ,T end wu oan be found at the instant of completion of reflection, 1.0. 


for f= 1 ofl. e 

Variation of air temperature in 
the shook wave and the tempera- 
plosive charge as a result of 
@n epproaching shook wave. 


The variation of the 
air temperature for the case 
when the shook wave is incident 
on @ oharge of explosive is 
shown in F4g.251( bent ‘line. 1). 
In the case when the shock wave 
alcims along the surface of the 
oharge, the variation of tempera- 
ture of the air is depicted in- 
the seme figure by the straight 
line (straight line 2). The 
variation of tenperature at the 
surface of the explosivecharge 
with time is shown by curve 5. 
It oan be constructed if 


relationship (96.7) is used for 


jw , Gividing the integral in (96.4) into intervals and talcing out in each 


interval @(t): and [To "t) = 7(c)] 
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with the mean values. 


-It is obvious that the transfer of heat fram the air heated hy ‘2: shest 
wave to an explosive sharge ‘will teke place as long as their temperatures do 
‘not become equal. When the surface temperature attains the value 7. , ignition 
will take place. From the curves presented in Fige251, it follows. that with | 
inarease in the tine of action of the shock wave with the specified parameters 
at the shook frmt, ignition of the explosive charge is more probable, the 
greater is the time of sotdon (depth) ef the shock wave. It is clear also that 
if, as @ result of reflection, the temperature of the air in the shook wave does 
not rise above 7,, then even for very large times of action (several seconds) 
ignition of the charge will not occur. For the values of 7, taken above, this 
meens that ‘a; shoak wave with an overpressure of 1.65 ke/om" cannot ignite trotyl. 

Sinos the tine of refleotion depends on the charge dimensions, then it is 
clear that if they are inoreased,the probability of ignition of .a. oharge bya . 
shook wave of given intensity should be increased. As a result of this, we mst 
understand by charge dimensions not only its own dimensions, but also the 
dimensions of the obstacle near which the charge ia placed, determining the time 
of reflection. 

From the foregoing brief analysis of the process of thermal ignition of 
e~plosive charges by a shock wave, it follows that this process cannot be des- 
exibed by a simple empirioal relationship, since the range at whioh ignition may 
be accomplished depends on a very large number of faotors. 

4s already mentioned above, ignition may convert into normal combustion 
if at the instant of cessation of the action of the heat transfer agent a heated 
layer is forued within the explosive, corresponding to the specified conditions 
(pressure and temperature). K.K.ANDREYEV reckons that the supply of heat in the 
heated layer, necessary for normal combustion, may ve a eriterion of the igniti- 


bility of “a: substance. 
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Assuaing thot in the contensea phase there is a temperature distribution, 
determined by the thermal conductivity, the temperature fT can be determined ot 


a distance x from the surface of the charge, as shown in Ohapter X : 
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T=Tot(Ta—MrJe * , (96,14) 
where xu is the burning velocity and p= Ls the thermal diffusivity factor 


The quantity of heat in the warmed-up layer is 


Q= f cp(T—To)dx=2(T,— To). (96.15) 
a . 
It follows from (96.15) that for two substances with equal 7, and 7 but difforent 
burning velooities, the explosive which has tho greater burning velocity will 
have the better ignitibility, since the supply of hoat in the waxmed-up layer 
nesessary for ignition is inversely proportional to the burning, velocity.’ 

Relationship (96.15), aa proposed by KK, ANDREYEV, refleots the effoot 
of the initial temperature and preasure on the ignitibility. 

ANDREYEV considers that in order to determine the imitibility, the method 
should; on prinoiple, really be one in which the surface of the substance 
should be exposed to the aotion of a chemically inert heat transfer agent at 
ao tempereture equal to the combustion temperature of the substance, 

We think that a shoak tube om be used sucoossfully for this purpose, in 
which are generated shock waves of defined intensity and dept. The parameters 
of the waves in tho shock tubo should be determined with sufficient accuracy 
by calaovlation and also established evperimentally, In this way the aharacter= 
istica and time of action of the heat tranefer agent ere established simi- 
taneously, In order to determine experimentally the ignition time as a esait*. 
.of the action of shook waves of different intensity, the thermal churacteristics 


of the explosive (n° Ta 3 the storage of heat ete) may elso be established by 


G/ 2. 


Ths metnod, 

We shall nov consider the experimental material with respect to the 
effect of the various factors on the range of detonation transfer through air. 

Tne density of the explosive in .the active oharge exerts a considerable 
influence on the range of tranamission of a detonation With inoreasing density 
of tho charge, tho range of tranamlssion of detonation is inoreased. The 
Anerease of the range of transmission of detonation vith inorease in density of 
the dotive charge is not surprising, sinoe the detonation velooity and the 
stream velocity of the detonatlon products associated with it, and of the shocl: 
ymave inoreases with inorease in density. It should be noted; however, that for 
active charges with small weights, the range of tranamissaion depends to a very 
slight oxtent on their density, since the effeot of the derslty is exerted on 
tha shoak wave paromoters only at small distances from the charga 

Table 125 
Effect of the oasing of the active oharge on the range of 
transmission of detonation. _ 


Nature of casing of Density of Density of | Rig Ro 


active aharce ae: aherge,| passive om om 

Paper L, 25 1 17 19.5 [{ 22 
Steel, with a wall 

thickness of 4,5 om 1. 25 1 25 | 28 2g 
Paper 17 1 18 14 1é 
Lead, with a wall thick- 
ness of 6 may charge 

1 1 18 22 26 


enclosed by the sides 
_the capsule —— ened 
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Footnotes, Hare and henceforth Rio Ls tho limiting range anrvesn 
ponding to 10% stimlation of detonation of the 
passive charge. 

Rw is the range corresponding to 504 stimulation of 
detonation. 
Ro is the minim range corresponding to 100% failure: 


The range of transmission 1a practioally independent of the initial 


temperature of the active oharvo. Thus, for ‘a Piyure 252. Effeot of 
variation of the initial temperature from mwuel arrangement of 

© to 100° the vange of transmission of _oharges on the range of 
detonation, as determincd in an experinent tranumission of detonatiom 


with charges of piorio acid weighing 50 g 
varied, relative to a passive oharge of 
this same explosive, from 18 to 19 om 

The casing in whish tho active oharge 
is enclosed exerts a considerable influence 
on tha range of transmission of detonation 
Ts, in experiments with standard aharges of 
pioric acid, it was established that by replacing 
@ oasing of thiok paper by a steel case with a 
thicimess of 4,5 mm, alosed at both ends, and 


of length equal to the length of the charge, 
tho range of transmission of detonation inoreased 
The variation of renge of transmission of deto~ 


nation ia illustrated by the data in Table 123, 


The effect of lateral covering of a charge is explained by the somewhat 
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(icectional action oF the explosion created by the casing, i.e: by an increase 
in the active portion of the charge 

The range of transmission of detonation will ‘be a maximum in the case 
when the position of the passive charge coinoides with tho direction of initi- 
ation of the active charge. This is explained by the fact that in the direction 
of propagation of the detonation wave, the initial velocity of flow of the 
detonation products is considerably higher than in other directions, This 
problem has been studied in oharges of fused plerio acid with a weight of 4 kg, 
whieh in some oases wore arrenged according to layout A, ond in othor oases 
according to layout B (Fig, 252). The results of these experiments are shown 
in Table l24 

Table 124 
Effeot of position of the passive and active charges 
on the range of transmission of detonation. 


Effeot of position of 


Passive 


charges 
g' ohare 


Aocording to layout A 


Acoording to layout B 


By joining the active and passive charges with a tube, even of flimsy 
material, the range of transmission of detonation is sharply inereased, The 
results of experiments with piorie aold charges of weisht 50 @ are presented 
in Table 125, 


According to data by SHEKHTER, by joining charges with a cellulose 
ccotate tube with a wall thiokness of 0.15 mn, the rango of transmission of 


vetonation is increased by 40 - 50%. These experiments were Carried out with 
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